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1.0 INTRODUCTION

1.1 PURPOSE AND BACKGROUND

The test described in this report is an Internal Fuel

Vapor Ignition Qualification Test of the 450 Gallon Filament

Wound, Lightweight, Explosion Proof, External Fuel Tank for

the H-53 series helicopter.

The Internal Fuel Vapor Ignition Test is described in

Paragraph 4.6.20 of Technical Exhibit ASDiENFEA-75, October

1978:

"A tank suspended from integral pylon shall withstand
the explosive pressures caused by ranid iqnition of an
N-Pentane/air mixture. The explosion shall produce a
pressure peak rise of at least 6.5 atmospheres within
60 milliseconds. No structural damage is permitted."

However, Section 3.4.1.7.3 states:

"The tank shall contain the explosion pressures gener-
ated from fuel vapor ignition without catastrophic
rupture."

This statement appears to modify Section 4.6.20 to the ex-

tent that some damage is permitted as long as it is not
"catastrophic" in nature. The pass/fail criteria for this

test is therefore somewhat ambiguous.

The explosion-proof external tank was originally suq-

gested in Mishap Control No. WR76-022A.

This test was performed for Fiber Science, Inc. by Dy-

narILc Science, Inc. at its test facility in Phoenix, Arizona.

This report was prepared by Dynamic Science, Inc. excluding

Section 1.4, "Crnc],!ltions and Recommendations," those por-

tions of Data Sheet 2 requiring cross sectioning of the



tank, and those sections of Data Sheet 2 pertaining to

Evaluation of Data, all of which were prepared by Fiber

Science, Inc.

1.2 DESCRIPTION rF TEST SAMPLE

The sample tank used in tois test was a prototype of

the 450 gallon, Filament Wound, Lightweight, Explosion Proof,

External Fuel Tank for the H-53 series helicopter. This tank

was developed and fabricated by:

FIBER SCIENCE, INC.
Salt Lake International Center
506 Billy Mitchell Road
Salt Lake City, UT 84116

under Contract No. F09603-79-C-1642 from USAF Locgistics Com-

mand, Warner Robins Air Logistics Center. The tank was de-

signated by Fiber Science, Inc. as Part Number 2191-001A,

Serial Number 0001, and was manufactured in April, 1981.

1.3 DISPOSITION OF TEST SPECIMEN

Following post-test examination by Dynamic Science, Inc.,

* the test specimen was returned to Fiber Science, Inc. for

further analysis.

1.4 CONCLUSIONS AND RECOMMENDATIONS

There was no visible damage to the tank structure. Both

fuel and air fittings were blown from the tank. This was the

result of an oversight on the part of all parties concerned,

since to be truly representative of an actual aircraft instal-

lation, restrictive sockets representing the aircraft valve

into which these fittings are installed should have been used

for this test. The blowoff of the fittings would not have oc-

curred had restrictive valve adaptors been used.

2



1.5 REFERENCES

1. Technical Exhibit ASD/ENFEA-78, October 1978.

I 2. Mishap Control No. WR76-022A

3. "Qualification Test Procedure, H-53 Tank, Require-
ments for Fuel Vapor Ignition Test," Fiber Science,
Inc., Document No. QTP-2191 Section "N," December
1980.
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2.0 FACTUAL DATA

2.1 DESCRIPTION OF TEST APPARATUS

Table 2-1 presents a summary of all instruments and

equipment used for the collection of electronic data, the

manufacturers' names, instrument serial numbers, ranges,

accuracy, and dates of latest calibration. All non-

electronic data (i.e., static measurements) were obtained

through the use of standard measurement techniques.

2.2 TEST PROCEDURE

The requirements of the Internal Fuel Vapor Ignition

Test are as stated in Section 1.1.

Section 2.2.1 describes the Internal Fuel Vapor Ignition

Test Procedure. Section 2.2.2 describes the electronic data

acquisition process. Section 2.2.3 describes photography.

2.2.1 Internal Fuel Vapor Iqnition Test Procedure

The test procedure generally followed the outline given

in Fiber Science, Inc. Document No. QTP-2191 Section "N,"

"Qualification Test Procedure, H-53 Tank, Re-quirements for

Fuel Vapor Ignition Test," (Appendix C).

It was determined that there was small likelihood that a

pressure rise to 6.5 atmospheres could be reached withii 60

milliseconds using an N-pentane/air mixture and a single ig-

niter. N-pentane is primarily a liquid below 97*F and flame

front propogation is only on the order of one to two feet

per second. For these reasons, the fuel was changed to

acetylene, and a complex ignition system consisting of 17

electric matches at one foot intervals was developed.

4
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Additional changes approved by Fiber Science, Inc. were

as follows:

~'• s The allowable pressure was modified from "at least
6.5 atm" to a 6-8 atm range.

e The fuel and air valves were installed and remdined
in the closed position for the test.

An acetylene/air ratio of 4.3 percent was determined to

be the proper mixture to provide the desired pressure pulse.

The tank and pylon were mated to the Fiber Science "Qualifi-

cation Test Fixture" which was in turn attached to a steel

12p A-frame fixture. The acetylene/air mixture was introduced

into the tank through the nose of the tank. The fuel/air

mixture was controlled through the use of regulators and flow

r, meters. After twenty minutes, the valves at the tank nose

and tail were closed, the instrumentation was turned on, and

the igniters were fired. The tank was then purged of the

combustion products. Figure 2-1 shows te F-.e.. Vapor .gTn-

tion Test setup.

2.2.2 Electronic Data AcquisitP,)n

The electronic data obtained in this tesL consisted of

internal pressures at four locations, as shown in Table 2-2.

The individual transducers and other components of the

data acquisition system are described in Table 2-1. Each

transducer was attached to an Ectron differential amplifier

within the Remote Signal Conditioninci l.oitlle (RSCM) main-

frame by an umbilical cable. After amplification, the trans-

ducer sigunals were con,.verted to the frequency domain by the

Voltage Controlled Oscillators within the PSCM mainframe.

The information was then multiplexed and transmitted via

hardline to the .abre lil instrumentation tape recorder

for recording.

7
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The recorded, multiplexed signal was later played back

and demodulated by the Data Control Systems demodulator.

The demodulated signal was then filtered and digitized for

processing and plotting on the Date General 3130 Eclipse

Computer.

2.2.3 Photographic Cove-age

The Internal Fuel Vapor Ignition Test was recorded on

16 mm color film by two cameras as shown in Table 2-3. The

event was filmed at 2,000 fps. In addition, 24 fps docu-

mentary footage and a complete set of 33 mm color slides

were taken.

2.3 TEST RESULTS

No damage was observed to the tank shell , internal baf-

- fles, or internal plumbing, based on non-cross sectioning

examination.

As there was no "catastrophic rupture," the tank appears

* to meet the specification requirements.

10
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3.0 TEST DATA

3.1 TEST CONDITIONS

The test was set up according to the procedures set

forth in Section 2.2. The tank was inadvertently mounted

* in a 60 nose-down position, but this attitude was deemed

not critical to the test. Pre-test approval was obtained

(Data Sheet 1) and the test proceeded.

* A summary of test conditions is presented in Table 3-1.

3.2 TEST RESULTS

After the tank was filled with the acetylene/air mix-

ture, the fill and vent lines were sealed, instrumentation

was initiated, and the ignition system was fired. The re-

sultant pressure pulses are presented as computer generated

plots in Appendix A. The pressures recorded at the tank

nose and just rear of the aft frame rose to approximately

"100 psi (6.8 atm) within 55 msec, while the pressure at the

tank tail rose to 138 psi (9.4 atm) in 44 msec. There is no

ready explanation for the 138 psi reading, especially since

it occurred within the same tank compartment as two of the

other pressure sensor locations.

Analysis of the high-speed film revealed that, after

ignition, a flame propagated first out the top of the fuel

valve and then around the circumference of the valve. Part

of the valve was blown off the tank and a column of hot gas

vented out the fuel valve access. A flame then propagated

out the top of the air valve followed by the air valve being

blown clear of the tank. A column of hot gas was then vented

_. thruuyil tLhe air valve access.

12



I"

Post-test examinaLion at the test site revealed that the

metal band clamps used to hold the flexible joint coupling in

place had failed to securely hold the upper portion of the fuel

and air valve in place and they ejected from the tank. It may

have been that the clamps were not securely fastened around

this joint. The phenolic fuel and air fittings cracked from

ejection or subsequent impact with the ground. There was no

failure of the mating half fittings which remained attached

to the tank.

The metal honeycomb flame arrestor was blown out of the

bulkhead fitting which connects the air line to the flexible

joint coupling.

Damage to the tank is further described in the text of

Data Sheet 2. Color photographs of the test are presented in

Appendix B.

13
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DATA SHEET 1. PRE-VAPOR IGNITION EXAMINATION

Testing Activity: Dynamic Science, Inc.

Tank Serial No.: 0001

Test Date: June 23, 1981

Activity Test Engineer: Terry Bjork

Fiber Science, Inc. Test Engineer: Richard R. Lyman

Government Representative: Hugh Hilliard

EXAMINATION OF PRODUCT:

Visual Inspection: Approved

Delaminations (Tap TEst): Small (less than one inch
square) (less than 16) delaminations in center section-
appeared to be only in outside circumferential wrap -
approval to proceed.

MOUNTING:

Aircraft Simulated Attachment Deviations If Any:

Apparent tank angle 60 nose down - approved to proceed.

ARRANGEMENT:ft
Approved Test Arrangement Includinj Ignition Device:

I.

14



TABLE 3-1. VAPOR IGNITION' TEST SUM"MARY

Test Description: FSI 450 Gallon Vapor Ignition Qualifi-

cation Test

Tank Serial Number: 0001 Mfg. Date: April 1981

Number oC Cameras: 2

I'Date: June 23, 1981 Time: -2:31) P,'- Temperature: 1070F

PRE-TEST DATA

Air Flow Rate: 10.4 cfm

Acetylene Flow Rate: 0.467 cfm

Acetylese.Aitr Ratio: 4.3G

Required Pressure Pulse: >6.5 atm (95 psi), --60 msec

* POST-TEST DATA

Actual Pressure Pulse:

Location 1 101 psi (6.9 atm), 55 ms

Location 2 00104 psi (7.1 atm), 55 ms

Location 3 -102 psi (6.9 atm) , 56 mns

Location 4 C138 psi (9.4 atm), 44 s

Number of Ruptures: None

15



DATA SHEET 2. POST-VAPOR IGNITION EXAMINATION

9 VISUAL INSPECTION:

No apparent damaqe to tank shell. Both fuel and air
coupling joints failed and the shutoff valve assemblies
were blown clear of the tank. Nylon fitting of fuel
level probe partially melted. Plastic cover of inter-
nal wires melted onto fuel plumbing.

DELA"MINATIONS (TAP TEST):

Several new dead areas noted, primarily on rear section
* of tank.

(To be completed by Fiber Science.)

Internal Damage

W Tank Shell

Frames

Baffles

Fittings

Tubing

16
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(To be complete,3 by Fiber Science.)

EVALL,': :-jN OF UATA

CAMERAS:

PRESSURE RECORDINGS:

INTERNAL DAMAGE:

.F•IIIEI? S('IENCE, INC. NO. QTP-2191 Section "N"

SALT LAKE CHIY, U rAI1
-•.• :.:..-:-.;- . •., ,-, ,.,.,-- I I/ IRI •R ..f.l.1 '



APPENDIX A

PRESSURE DATA
FILTERED AT 100 HZ

NOTE: Initial delay of approximately 65 ms
due to relay response time and electric
match response time.
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K APPENDIX B

PRESENTATION OF PHOTOGRAPHS
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APPENDIX C

FIBER SCIENCE, INC.

p DOCUMENT NUMBER

QTP-2191 SECTION "N"

QUALIFICATION TEST PROCEDURE
H-53 TANK

REQUIREMENTS FOR FUEL VAPOR IGNITION TEST

0

C-1
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APPENDIX D

COMPLETE LISTING OF3SMtM TEST PHOTOGRAPHS

Dw

I

D-I



Test T2-1, SNO001

BI-82: Pre-Test Right Side Overall view of Tank and Fixture

Bl-83: Pre-Test Rear Overall View of Tank and Fixture

Bl-84: Pre-Test Left Side Overall View of Tank and Fixture

Bl-85: Pre-Test Left Front View of Tank

Bl-86: Post-Test Right Side View of Tank

Bl-87: Post-Test Right Rear View of Tank

Bl-88: Post-Test Left Rear View of Tank

Bl-89: Post-Test Close-Up of Tank Fuel and Air Valve Fittings

Bl-90: Post-Test Close-Up of Fuel Valve

Bl-91: Post-Test Close-Up of Tank Air Fitting

Bl-92: Post-Test Close-Up of Tank Air Fitting

Bl-93: Post-Test Close-Up of Air Valve
Bl-94: Post-Test Close-Up Right Front view of Nose Fitting

BI-95: Post-Test Close-Up Front View of Nose Fitting

BI-96: Post-Test Close-Up Right Side View of Tail Fitting

B1-97: Post-Test Close-Up Rear View of Tail Fitting

D-2
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I. UNTRODUCTION

Thts report documents the Gunfire Test of the 450 Gallon, Filament
Wound, External Fuel Tank for the H-53 Helicopter.

1.31 Reason for Test

This test was conducted to establish the performance characteristics
of the 450 Gallon, Filament Wound, Lightweight, Explosion Proof, External Puel
Tank to the gunfire test requirements established in Technical Exhibit ASD/
ENEFA-78 dated October 1978. These test requirements are:

"3. REQUIREMENTS

"3.4 Genera.. Characteristics

"3.4.1 Design

"3.4.1.7 Survivability

"3.4.17.2 Gunfire Loads. In addition to the internal pressure load re-
quirements listed in paragraph 3.4.1.3.6, the tank shall withstand the loads
generated from the hydraulic ram and internal ignition pressure loads from an
impact by a projectile. The projectile impact shall not yield an entrance or
exit orifice wound larger than the projectile contact frontal area. Structural
damage is permitted; however, leakage shall occur only from the entrance or
exit.

"3.4.1.7.2.1 Hydraulickam. The tank shall contain without rupture the
pressures generated from the hydraulic ram effect when full and impacted by
a 14.5 • (A? at distanze of 75 feet).

"4. QUALITY ASSURANCE PROVISIONS

"4.6 Test Methods

"4.6.2.1 Ballistic. The tank while suspended from the integral pylon,
shall be subjected to the projectile specified in paragraph 3.4.1.7.2."

NOTE: The Soviets have not produced an AF (Armor Piercing) round since
World War !I. Thev acu,' -reduce Aor P--------e Tncendia-, ( N cr %=Cr
Piercing Incendiary-Tracer (AP!-T) rounds.



1.2 Description of Test Sample

The tank tested was Fiber Science Incorporated (FSI) Part Number 2191-
* 001, Serial Number 0006.

1.3 Disposition of Test Specimen

The test specimen was forwarded to another testing laboratory for
another test in the qualification test series per FSI instructions.

1.4 Narrative Abstract, Conclusions and Recommendations

The Fiber Science 450 Gallon, Filament Wound, Lightweight, Explosion
Proof, External Fuel Tank was subjected to a gunfire test. This test con-
sisted of firing a Soviet 14.5 mm API-T projectile to impact the fuel tank at
a velocity of 3468 ft/sec and at a near full tumble attitude. Ten biaxial
strain peswere mounted on the tank. rour piezoelectric pressure transducers
were installed. The impact resulted in an aperature in the impacted side of
the tank which was larger then the impacting projectile presented area.

.The excessive aperture size could have been caused by the excessive
hydraulic ram pressure resulring from the greater than usual impact velocity,
and by -:he presence of a hole in the tank wall used to mount the first pres-
sure transducer.

We recommend that this test be considered iavalid due to the higher
than standard projectile velocity and due to the "eaKening of the wall from
the hole made for the pressure transducer. A repeat test would be advisable.

j.



2. FACTUAL DATA

2.1 Description of Test-Apparatus

The test apparatus includes the Mann gun, the holding fixture, and the
instrumentation.

The Mann gun consists of a single shot, smooth bore barrel; a breech
mechanism; a muzzle-mounted tumble attachment; a mount with elevation and de-
flection mechanisms; and, a platform. The Mann gun is shown to the left in
Figure 1.

The holding fixture consists of a cross piece with four legs, see Fig-
ure 1. The tank was attached to the holding fixture by a oylon made to

* Sargent-Fletcher Co. PN 27-450-4400, which was in turn attached to the hold-
ing fixture by means of a special adapter, furni.shed by Fiber Science, Inc.,
which adapter simulated the aircraft pylon runt2.g arrangement,

The instrumentation included:

* (1) a chronograph system consisting of a chronograph screen array,
seen in Figure 1 bet-ween the Mann gun and the fuel tank, and three electronic
counters located in the instrumentation room. The chronograph screens were
two sheets of aluminum foil separated by waxed paper which when perforated
by the metallic prrojeccile closed an electric circuit. Three of these
screens were mounted on wooden frames attached to a steel rack so that the

* screens were spaced exactly at four foot intervJals. Each screen was wirad
in a circuit with a 9 volt battery to a start and/or stop input of an elec-
tronic counter. The electronic counters were Hewlett Packard Model 5315A
Universal Counters. The screen closest to the Mann gun was connected to th6
start inputs of Counters I and 3. The center screen was connected to the stop

* input of Counter I and to the start input of Counter 2. The last screen was
connected to the stop inputs of Counters 2 and 3. This screen was intended to
provide redundancy in determining the projectile velocity. The first screen
was located three feet from the muzzle of the Mann gun; the fuel tank was 16
feet from the Mann Gun muzzle. The screens were spaced within + 1/8 inch.
The counters can determ•ine the elapsed time within + 0.0000002 sec. The data

* reduction technique used corrected for the change in projectile attitude at
each screen encountered. The accuracy of the projectile velocity determina-
tion is + 18 ft/sec.

A total of 10 biaxial strain gages were emplaced as shown on Figures 2
and 3. These were Micro-Measurement EA-13-125 TQ-350 biaxial strain gages.
B&F Model 720 SC (10 each) and Honeywell Accudata 218 signal conditioning am-
plifiers were used to produce the signals recorded on an Ampex Model FR 1800
and an Ampex Model PR. 2230 magnetic tape recorder. Strain &age locations 1
and 2 were along the tan' side on a line parallel to the center line of 'he
fi-el tank and soaced 11.50 and 5.75 inches respectivel!' rear-;ard rrom tie aim
point, see Figure 2. The rest of the stain gage locations were placed along
a plane passing through the aim point and perpendicular to tne fuel tank cen-
terline. These locations were 22.5 degrees apart with the No. 3 location
22.5 degrees below the aim point, No. 6 location at the boctom of the tank,
and No. 10 location directl_! opoosite the aim point, see Figure 3.

3
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Figure 3. Instrumentation Locations, Exit Side

The cross is directly over Strain Gage Location 10 (S10

Pressure Transducer 3 is adjacent. 3train Gage Loca-

tions S9, S8 and S7 can be seen. Scrain Gage Location 6

and Pressure Transducer 2 are at the bottom of the tank.



Four PCB Model 102 A03 piezoelectric pressure transducers were emplaced
as shown on Figures 2 and 3. The No. 1 pressure transducer was 3 inches for-
ward of the aim point on the impact side of the fuel tank on the line parallel
to •he tank centerline. The No. 2 pressure transducer was 3 inches forward of
the No. 6 strain gage location. The No. 3 pressure transducer was 3 inches
forward of the No. 10 strain gage location. The No. 4 pressure transducer was
within the fuel tank along the fuel tank centerline approximately two feet
toward the tank rear from the anticipated trajectory. The diaphragm of pres-
sure transducer 4 was facing the intersection of the anticipated trajectory

* and the fuel tank centerline. This transducer was in a fitting positioned by
a tube through which the lead wires passed. The other three transducers were
mounted in fittings which passed through the fuel tank wall with the trans-
ducer diaphragms facing the zenter line of the fuel tank. A PCB Model 494A06
Amplifier produced the signals recorded on the Ampex Model PR 2230 magnetic
tape recorder.9

The transducers have a range of 2 to 10,000 psi; the serial numbers
are given in the data sheets, Appendix A. The rated accuracy of these trans-
ducers is indicated on Zhe transducer data sheets in Appendix B.

High frame racE motion pictures were taken of the left side of the
fuel tank from the left rear (the impacted side or "front" surface), and of
the right side of the fuel tank from the right rear (the side from which the
projectile would exit if a complete perforation is obtained or "rear" surface).
The cameras used were a Hycam Model 41-0004 for the front surface and a Hycam
Model K2004E for the rear.

2.2 Test Procedure

The tank was installed on the holder with the leading end pointed down-
ward at a 2 degree angle. The target waE 87 inches from the leading end of
the tank and on the tank centerline. The Mann gun was located so that the
muzzle was exactly 16 feet from the impact point on the fuel tank. The chrono-
graph screen array was emplaced between the Mann gun muzzle and the fuel tank.
The fuel tank was filled with water until no more water would enter the tank.
This provided a trapped air bubble at the top of approximately 3 percent of
the total tank volume. The hi h frame rate motion picture cameras were loaded.

The tumble attachment was adjusted to have the projectile rotate to a
fully broadside attitude with the me'Plat upward at approximately 16 feet. The
weapon was loaded with a Soviet 14.5 mm API-T projectile with a standard pro-
pellant load. The Mann gun is fired when a solenoid is activated. This sole-
noid is activated by a switch in the Hycam filming tCe front tank surface.
This switch activates after the camera passes a designated length of film. The
length of film is set to allow the camera to reach the desired frame rate be-
fore the event occurs. This switch was set for 150 feet of film which corre-
lates with a 2500 frames per second rate. The magnetic tape recorders were
started, then electric power was applied to the Hycam cameras. When the front-
surface=view.ng H -ycsm passed 150 fo-t of film, the Mann gun fired.

Directions assuming the observer is standing on the center of che fuel tank
facing the direction an aircraft mounting this tank would travel.
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When the area was declared safe, the test personnel and Fiber Science
and government witnesses inspected the fuel tank.

2.3 Test Results

The center of the projectile impact was 1/2 inch below the line parallel
to the tank centerline and on the intersection of the plane of the strain gage
Ications 3 through 10. (The cross drawn on the tank was approximately 3/4
inch toward the rear of the tank from the actual aim point.)

The projectile impact velocity at the tank surface was approximately
3468 ft/sec. Chro ograph Screen 3 failed to function. The only velocity ob-
tained was that between Chronograph Screens . and 2. This velocity was 3523
ft/sec. In two earlier checkout shots the velocities obtained were:

Between Distance Coarectio- Factors
Chronograph Interscrc~e in Inches for Tumble Attitude Time Mean Velocity
Screens Distance (ft) At Lead Screen At TaIl Screen (sec) (ft/sec)

Checkout Test No. 1

I and 2 4 1.612 1.52"! .0011419 3509.5

I and 3 8 1.612 1.069 .0022998 3498.Z

2 and 3 4 1.522 1.069 .001580 3486.8

Checkout Test Mo. 2

1 and 2 4 1.604 1.450 .0011349 3535.8

I and 3 8 1.604 0.902 .0022859 3525.3

2 and 3 4 1.450 0.902 .0011510 3514.9

This Test

I and 2 4 1.606 1.402 .0011403 3522.8

Note that the rate of change of velocity per foot travelled for Checkout No. 1
was -5.625 ft/sec/ft and for Checkout No. 2 was -5.225 ft/sec/ft. Using the
mean of these two values, -5.425 ft/sec/fr, the estimated projectile velocity
11 feet down range would be 3468 ft/sec.

The projectile attitude was established by the length of the silhouette
left in the chronograph screens, the target, and, in the two checkout shots,
in witness papers placed midway between each successive pair of chronograph
screens. The attitudes at the various witnesses are given in Table 1. In an
earlier program, we determined that near the fully tumbled attitude (an angular
charge of 90 degrees or 270 degrees) the energy or momentum expended in per-
forating the witness can affect the rate of tumble. This is particularly true
with targets which are usually more substantial than the witness papers or
screens. Also silhouettes in witness papers at projectile attitudes near zero
degrees are difficult to measure since the bullet ogive does not cut a neat
hole at small attitudes with the meplat leading. 'herefore, the most reliable
tumble attitudes are those in witness sheets nearer to the target. Note that
the rate of tumble per uuit distance travelled between chronograph screens Z
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and 3 was 6.4 degrees/ft for Checkout 1, 6.8 degrees/ft for Checkout 2, and
6.95 degree for the tank test. These tumble rates are essentially equivalent.
Using the rate of tumble for this test, the tumble attitude at impact was

wo probably 101.6 degrees rather than the 113.3 degrees indicated by the silhou-
ette in the fuel tank. However, the 113.3 degrees is more indicative of the
projectile attitude when entering the water within the tank. At the attitude
of 113.3 degrees, the area presented by the bullet would be approximately
1.3035 sq. in. This assumes that at near full tumble the area presented, Ape
is equal to 1/2 the area presented base-on, APb, times cos 0 plus the area

IF presented side-on, Aps, times sin 0, or

A A • Icos e J+ A I sin el.

Absolute. values of the trigono I c functions are used to provide the proper
* signs for these two increments for tumble attitudes greater than 90 degrees.

The projectile used has presented areas of Aps - 1.36082 sq in. and Apb
"* 0.27155 sq in.

The projectile used has a mass of approximately 0.0041151 slug. Thus
'• the approximate kinetic energy of the projectile at impact was 24,746 ft-lb.
* The mass was determined by weighing a sample of 28 like projectiles. The

standard deviation of this sample is 0.0000251 slug. The actual projectile
-. used was not weighed.

2.3.1 Rydraulic Ram Pressures

"The four hydraulic ram pressures measured are shown on Figure 4. This
figure shows the pressures over the time span in which the fuel tank tore.
The pressure spikes, both positive and negative, seen on P2 should be ignored.
These spikes are probably due to either the transducer condition (sensing

i• element contaminated with moisture) or are a characteristic of this type
transducer, but do not represent true pressure inputs.

2.3.2 Strain Measurements

The strain measurements over the same time span of the pressures are
shown on Figures 5, 6, 7, 8, and 9. These are separated into sets of strain
gages located near pressure transducers 1, 2 or 3, which show the same trends.
Positive strains are tension negative strains are compressions.

Note in Figure 5 that the circumferential strains in for Sets I and 2

have similar shapes even though the magnitudes vary. The same is true of the

longitudinal strains. The circumferential strain at Location 2 exceeded the
range of the amplifier and/or the tape recorder. These had been spanned to
six times the greatest signal anticipated.

Note in Figure 6 that both the circumferential and longitudinal strains
for Location 3 quickly settle to significantly lesser (compressive) strains.
The tearing of the fuel tank noted in Figure 10 probably occurred shortly
after the pressure shown at P1 arrived. Note the initial tensions at SC and
S3e which quickly changed to compressions. Note the same indication at S4c.

10
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a. Location No. 3 - Circumferential Strain
* '""'.) L,,.. ' I .,'.,. •I j I 4

C. T 471- 0
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Figur. 6. Strains at Locations 3 and4
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Figure 7. Strains at Locations 5 and 6CS
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Figure 8. Strains at Locations 7 and 8
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Strain Gages 3 were in an area three sides of which were bounded by tears in
the composite layers.

The strain gages at locations 5, 6 and 7 (Figures 7 and 8) show char-
acteristics similar to one another. The initial move to a compressive strain
by the circumferential gages again indicate that the tank had torn before the
hydraulic ram pressures became effective at these locations.

The strains at locations 8, 9 and 10 again are similar to one another
(Figures 8 and 9).

All of these recordings are valid. The magnitude exceeded that antici-
pated by over an order of magnitude. The max-i1m- microstrain is estimated to
have been approximately 8000 microinches per inch.

2.3. 3 High Frame Rare Motion Pictures

The frame rates achieved were 2185 fr/sec for the camera viewing the
front surface and 2250 fr/sec for the camera viewing the rear surface of the
fuel tank. These motion pictures were taken when the outside light level had
dropped approximately 2 F-stops below that required. To compensate for this
low light level the film processing was "pushed one stop." With the ASA 400
film used this forced processing resulted in a very high level of graininess
in the pictures. We attempted to regain the second F-stop by over exposure
in the making of the movie copy.

2.3. 4 Examination of Test Specimen

The impacted side of the test specimen is shown on Figure 10 and the
rear surface on Figure 11. Note that even though the hole in the impacted
surface is larger than the projectile presented area at impact, that the flow
through the resulting hole is considerably restricted by the numerous fiber
ends partially blocking the aperture. This aperture was larger than desired
due primarily to the hole in the tank wall bored for pressure transducer No. 1,
see Figure 12. Had this hole not been bored in the tank wall the resulting
aperture could have been that which was made by the impacting projectile.

The hole made in the rear surface was the size of the perforating frag-
ment of the projectile, Figure 1i.

None of the remainder of the tank suffered damage on the exterior sur-
faces. A "tap test" by the Fiber Science witness indicated no difference in
the extent of delamination established before the test; however, the resonance
of the surface over the apparent pre-test "delamination" indicated that the
area was probably not delaminated.

2.3.5 Test Data

The test data sheets are located in Appendix A.

2.4 Evaluation of Test Results

Rated muzzle velocity for this particular cartridge in the weapon for
which the round is made is 3281 ft/sec. This would provide an impact velocity

17
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under the conditions of this test of approximately 3226 ft/sec. The kinetic
energy possessed by such a projectile would be 21,413 ft-lb. This is consi-
derably under that delivered in this test; it is in fact, a 16 percent over-
load. This excessive Kinetic energy which covabined with the disruption of
the filament u-inding strength resulting from the boring of the hole to mount
rhe pressure transducer could be the cause of the excessive tearing of the
side of the fuel tark.

Since the impact velocity and the resulting kinetic energy were greater
than those logical for this test and since the hole bored for the No. 1 pres-
sure transducer weakened the filament windings at a critical point, we recom-
mend that this test be declared invalid. Repeat of this test would be in
order.

The original intent in subjecting external fuel tanks to projectile im-
pact tests was to assure that the fuel tank would not rip open, dumping the
fuel or presenting a drastically different aerodynamic shape. The desire was
to have a relatively slow pour through any hole and/or to maintain the basic
aerodynamic shape of the fuel tank. This tank did meet those objectives. The
fuel poured out of the hole made at the impact location, and the tanks aero-
dynamic shape was not drastically changed.

2.5 Recommended Changes for a Retest

We, at SwRI, have located some underwater explosion pressure transducers,
Figure 13, which do not require a hole in the tank wall for proper determina-
tion of the incident pressure. We would propose to use this type of pressure
transducer in a repeat test.

We are testing means which could be used to increase the illumination
of the tank for the high frame rate motion pictures. We propose to use these
light intensification techniques in future qualification tests.

21
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TEST DATA SHEET

QTR-2191 SECTION 1101

Testing Activity 5,k•7- Activity Test Engr. ?-rgic. 64,

Tank Serial No. *K 'v ov F.S.I. Test Engr. R /..,eA-a

Test Date -fJ45 /9 / Government Rep. HOf t _#./4. /A9-

EXAMINATION OF PRODUCT

Ref. Para. 4.1: Visual Insp-ztion NV _Vjsy+L. b+-n,+6

Delaminations (Tap Test) &4•4 • , 7-

MOUNTING

Ref. Para 4.2: Aircraft Simulated Attachment

Deviations If Any we/E

?s FIBER SCIENCE. INC. NO. QTP-2191 Section "0"

, _-_____- SALT LAKE CITY, UTAH



ARRANGEMENT

Ref. Para. 4.3: Approved Test Arrangement (Ref. Figure 2 & ASD/ENFEA-78

Technical Exhibit.)

Testingj Activit Approval

Approved By_-f4 Date 15'44y 1A91
.14

F.S.I. Test Engineer Approval7

Approved B_ Da 4
Government pproval f

Approved By Date

Minimum of two signatures required.

INSTRUMENTATION

Ref. Para. 4.4.1: CHECK INSTRUMENTATION CALIBRATION

ITEM CALIBRATION DATE

Gun (If Applicable) All+

Cameras (If Applicable) _ _ _-

Pressure Transducer Recorder

Strain Gauge Recorder _ _r

riming Devices (•,hrao•,.t1 .0

Other Ins-t~uments:

3.

4.

FIBE SCIENCE,__ INC. NO._TP_291_Sctio _"0

3. SALTLKECIT,_UTA
4._ _ _ __ _ _ _

~~~ ~ ~ ~ F~~IBE SIENC,- IC O QP 1 Seto O



r -.;: _' • " .' . .. '.. i.--.- .. " - -' :- - - - : ."i .• :i . - -'- -" --- -- • - - -

Ref. Para 4.4.2: CHECK PROPER INSTALLATION

ITEM REMARKS

Gun

Cameras P O"

Pressure Transducers - __,_ _ _ _ _

Strain Gauges /__ _ _ _

Recorders oK

Other Instruments 10A•v4AA' C...V7,•r

1. _ _ _ _ _ _ _ _ _

2.

3.

4.

Ref. Para 4.4.3: CHECK PROPER OPERATION

ITEM REMARKS

Gun _ _--,_ _ __

Cameras / j

Pressure Transducers 0 K

Strain Gauges ox

Recorders oe____

Other Instruments oe - ,

2.

3.

4.

__ FIBER SCIENCE, INC. NO. QTP-2191 Section "0"
. _, . SALT LAKE CITY, UTAH

• • ';'•,\, r'•^"•. I 1 I • / #"I;pa r..= • •• 1



FUELING

Ref. Para 4.5: FUEL TANK AT PROPER ATTITUDE

ITEM REMARKS

p Attitude (20 Nosedown) a X

Fill With 450 Gal. Water o0K

Secure Filler Cap o•

GUNFIRE TEST

Ref. Para 4.6: FIRE GUN WITH ALL INSTRUMENTATION SYNCHRONIZED

ITEM OPERATION REMARKS

Gun 0'< _ _+_

Cameras __0_

Pressure Transducers

Strain Gauges o0

Recorders -_

Other Instruments P.c2"a-•0#

2. _ _ _ _ _ 1p ,.. 2- a.

3.

4.

4.BE SCIENCE,____ INC-__NO.__TP_2191_Section__0_

*1
',

*-----_.__ SALT LAKE CrIY, UrAH
DATE: 11/18/80 PAGE 13 OF 16



POST GUNFIRE EXAMINATION

Ref. Para. 4.7: EXAMINE TANK FOR THE FOLLOWING:

ITEM REMARKS

Initial Round Area

Round Entrance Orifice Area 4 x 2-"

Exit Round Area D'ex " ;,' P '.ah
(If round can be retrieved '4& md.

unmodified.)

Round Exit Orifice Area '. •'7 /;f

Visual Inspection ers C A •I-A!

b0~v -nv 2/ / 'J' s"~

Oelaminations (Tap Test) C--- A.. k7 '• .

FIBER SCIENCE, INC. NO. QTP-2191 Section "0"
SALT LAKE CITY, UTAH



* Ref. Para. 4.7: Color Photographs

LOCATION PHOTO NO.

Entrance U (__) (- .. ()

Exit ( U ( (.) (__)

Other Damage

LOATION PHOTO NO.

I~~~ 9-4.,P, o ~'I'S OF 871VT-AAWC0--/4tC4.c4u~ /?ao7W Si

A14.) o'YýRF6= "'c F-O/Z Il e #'piV " 7.e i Rd C

-FIBER SCIENCE. INC- NO. QTP-2191 Section "0"'

SSALT LAKE Y, UTAH

DATE: 11/18/80 PAGE 15 OF 16



EVALUATION OF DATA

CAMERAS: $/v•'#f&1-•/T , sr o,-s O •*• %u -7--1*

,,4-- T /.~-A- C A -".•v'". g :",.&-7- ?k-,iv/ "7-• . Z"_1 i'C ... -cc) Av'77

A- ~~~~~ ~ ~ A 7A'o -.9 /-1"~/~-

I.__ _ _ _ _m__ _ _ _ _m__ _ _ _ _ _ _ _ _

PRESSURE RECORDINGS: 7#- -6 1YiOg $v:FA oL -r-f , .-- ,,

STRAIN RECORDINGS: -'_,•_" -, -7-oe ' 7 '-

11f/M?.-Cr 0/r -f-,Z) 'S 7-,4114, 746 ,6 -LC+ 7,7-ot g2

I 2~~S 6' 1, V;4 sr-t/ 69-

FIBER SCIENCE. INC. NO. QTP-2191 Section "0"

_ • SALT LAKE CITY, UTAH
DATE: 11/18/80 PAGE 16 OF 16
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P.O0. BOX 3
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1.0 INTRODUCTION

1.1 PURPOSE AND BACKGROUND

The test described in this report is a Fuel Fire Qualifi-

cation Test of the 450 Gallon Filament Wound, Lightweight,

Explosion Proof, External Fuel Tank for the H-53 series heli-

copter.

The Fuel Fire Test is described in Paragraph 3.4.1.7.4

9 of Technical Exhibit ASD/ENFEA-78, October 1978:

"A tank full of JP-5 shall withstand an open pit fuel
fire (JP-4) for ten minutes without rupture. Suspension
height above the fuel fire shdll be 48 ± 2 inches from
tank centerline to fuel surface line."

The fire-proof external tank was originally suggested in

Mishap Cintrol No. WR76-022A.

This test was performed for Fiber Science, Inc. by

Dynamic Science, Inc., at its test facility in Phoenix,

Arizona. This Test Report was prepared by Dynamic Science,

Inc., except for Section 1.4.2 and those portions of Data

Sheet 2 requiring cross-sectioning of the tank.

1.2 DESCRIPTION OF TEST SAMPLE

The sample used in this test was a prototype of the 450

Gallon, Filament Wound, Lightweight, Explosion Proof, External

Fuel Tank for the H-53 series helicopter. This tank was de-

veloped and fabricated by;

FIBER SCIENCE, INC.
Salt Lake International Center
506 Billy Mitchell Road
Salt Lake City, UT 84116

1



under Contract No. F09603-79-C-1642 from USAF Logistics Command,

Warner Robins Air Logistics Center. The tank was designated

by Fiber Science, Inc., as Part Number 2191-001A, Serial No.

0005, and was manufactured in April 1981. This tank had under-

gone previous testing.

1.3 DISPOSITION OF TEST SPECIMEN

Following post-test examination by Dynamic Science, Inc.,

the test specimen was returned to Fiber Science, Inc. for

further analysis.

1.4 CONCLUSIONS AND RECOMMENDATIONS

1.4.1 Conclusions

The fuel fire test was conducted with a slight breeze (7 -

12 mph). The reservoir fuel pan was insufficient in width,

under this condition, and thus only about 75 percent of the

circumference of the tank was engulfed in flames.

After ten minutes of burn, extinguishing of the fire began

in accordance with specification requirements. The tank was

in test a total of 30 minutes, or 20 minutes beyond the spec-

ification requirements before the fire could be extinguished.

1.4..2 Recommendations Concerning rest Procedure

Based on the experience of this test, there are two pro-

cedure changes that should be incorporated in future tests:

1. The fuel reservoir should be wider to minimize the
effects of wind in order to ensure that the tank is
fully engulfed in flame.

2. The fire crew on hand should be allowed to extinguish
the fire in the manner they deem best, rather than
being restricted by other instructions.

2
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2.0 FACTUAL DATA

2.1 DESCRIPTION OF TEST APPARATUS

Table 2-1 presents a summary of all instruments and equip-

ment used for the collection of data; the equipment manufac-

turers' names, instrument serial numbers, ranges, accuracy,

and dates of latest calibration. All other data (i.e., static

measurements) were obtained via standard measurement techniques.

2.2 TEST PROCEDURE

The requirements of the Fuel Fire Test are as previously

stated in Section 1.1.

Section 2.2.1 describes the Fuel Fire Test orocedure.

Section 2.2.2 describes the electronic data acquisition pro-

cess. Section 2.2.3 describes photography.

2.2.1 Fuel Fire Test Procedure

The test proceduare generally followed the outline of

Fiber Science, Inc. document OTP-2191 Section "P," "Qualifi-

cation Test Procedure, H-53 Tank, Requirements for Fuel Fire

Test," (Appendix C).

The procurement of military grade fuels JP-4 and JP-5

by a non-military organization presented a major obstacle in

the conduct of this test. Therefore, with the approval of

Fiber Science, Inc., the commercial fuel Jet-A (described in

Marks' Standard Handbook for Mechanical Engineers, Eighth

Edition, P. 7-18, as "similar to JP-5") was substituted as

both the reservoir and tank fuel.

4



a) a)

Wn 00i
4ý .1-4 4.

co co ) co co

Q) 4 1 1 w4 I I a

0 0- 0 CN C) 4.4 C) , 0 )
a) I a ) I I z +1

'-- -4 .4J4
E $-

u - w 0~

U +1 +1 rJU) 0
4-J

CV)
a ) a,0)

0 04
C 0

,z 0

r- a) n t

On *n 04-

4-I r.4 N4

E- -

Z~~4 0)rr-r-- ~ -

U)U

'-44

4j

u 0n
CA 0

!14 0)0)i

Ca( -0 -U4O

1-4 -4.

CT a 0 -N C
0a U1 'IT 100

(4 Ln
0) 0C, C4 (D m

ra U N 04 0-W4

ao 4-) 0n C ~
-4 -4 -1

0 ) m jZC' r L

-4 .-4 (

E 4J -4 -- 4 wC 4)ý4C a

0)0 n I jr- 0 - 0N C) 4j C- ) Ca4 C
.0 ) =N C)ý U)0 u M u4 a

0. 04 a w -4 (2 Cý : : ý I

onco

5 1 -4o



The tail plug of the tank, accessible only for test purposes,

was covered over with a graphite/epoxy mixture by Fiber Science,

Inc. as it would be for standard units. Internal thermocouples

were routed through the various tank access covers and the nose

plug. External thermocouples were held in place by the aforemen-

tioned graphite/epoxy mixture. The rubber hose portions of the

fuel and air valves were painted with Avco's Flamarest 1400-S Fire-

proofing coating. (Directions for mixing and applying this subs-

tance were not supplied until less than 48 hours prior to the test

and the manufacturer specifies a 72 hour cure. The degree of pro-

tection provided was therefore unknown.) This material would nor-

mally be applied by Fiber Science prior to the tank leaving their

facility.

The fuel tank with intergral pylon assembly was hung from a

Fiber Science "Qualification Test Fixture" using the attachment

hooks of the pylon assembly. The Qualification Test Fixture was

bolted to a steel A-frame fixture such that the tank was in a two

degree nose down attitude and the center point of the tank was 48

inches above the top surface of the reservoir fuel, per Figure 1

of Appendix C.

The fuel reservoir consisted of six 4' X 8.5' X 4" steel pans

constructed from 18 gauge steel. These pans were laid side by

side to form a continuous 24' X 8.5' reservoir. A one-inch-deep

layer ot sand was placed in the bottom of each pan to provide

insulation from the heat of fire to avoid warping the pans.

The steel A-frame with tank attached was placed in the empty

fuel reservoir. All thermocouple attachments were completed and

the thermocouple connectors were wrapped with asbestos tape. The

attachment points of the Qualification Test Fixture to the A-frame

were also protected with asbestos tape. Steel cables were attach-

ed to the mounting bolts at either end of the pylon and looped

over the top of the A-frame to provide redundant support of the

tank in the event of a melt-through of the aluminum pylon assembly.

6
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The fuel tank was filled through the aft filler access to

the point of overflow from a standard airport fuel tanker truck.

Per Fiber Science Qualification Test Procedure QTP 2191, Section
"P," Paragraph 4.5, the tank contains 450 to 457 gallons of fuel

when filled by this procedure while suspended in a two degree

nose down attitude. The reservoir pans were filled to a depth of

3.5 inches.

Ignition of the fuel reservoir was accomplished with a re-

mote electric match ignition system with a manual torch backup.

Time zero for the test was established to be that time when one

of the external theromocouples registered 1750OF or when the tem-

perature leveled off at an apparent steady maximum.

The fire was allowed to burn unabated for ten minutes after

time zero, at whi' h time the test was completed and the fire crew

began the exting. shing process.

The thermo'-ouple outputs were recorded on magnetic tape and

the event was photographed with both a motion picture camera and

a 35 mm slide camera.

2.2.2 Electronic Data Acquisition

The tlectronic data obtained in this test consisted of

temperatures measured by ten internal and nine external thermo-

couples, as shown in Figure 2-1 and Table 2-2.

The individual transducers and other components of the data

acquisition system are previously described in Table 2-1. Each

thermocouple was attached to an Ectron differential amplifier

within one of the Remote Signal Conditioning Module (RSCM) main-

raflaes by an umbilical cable. After amplitication, the tranducer

signals were converted to; the tr'?quency domain by the Voltage Con-

trolied Oscillators within the RSCM mainframe. The information

.7
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TABLE 2-2. DESCRIPTION OF FUEL FIRE THERMOCOUPLE
LOCATIONS

Thermocouple Location

T1 Internal Near Nose Plug

T2 Internal Near Drain Plug

T3 Internal Near Top of Forward Frame

T4 Internal Below Forward Access Cover

T5 Internal Near Top of Aft Frame

T6 1 Internal Tank Centerline Behind Aft Frame

T7 Internal Near Bottom of Aft Frame

TS j Internal Between Fuel and Air Valves

T9 Internal Near Fiel Filler Access

T10 I Internal Near Tail Plug

T11 External Nose Plug

T12 I External Drain Plug

T13 External Over Forward Frame

T14 External Over Forward Access Cover
* I

T15 External Over Aft Frame

T16 External Bottom of Tank, Rear of Aft Frame

T17 External Between Fuel and Air Valves

T18 External Over Fuel Filler Access
T19 External Tail Plug

9,



was then multiplexed and transmitted via hardline umbilical to

the Sabre III instrumentation tape recorder for recording.

The recorded multiplexed signal was later played back and

demodulated by the Data Control Systems demodulator. The demodu-

lated analog signal was then filtered and plotted by the Gould

brush recorder.

The data traces presented in Appendix A are the actual ther-

mocouple output voltage levels. Corresponding temperature levels

were determined from the manufacturer's calibration table and

superimposed on each chart for reference.

2.2.3 Photographic Coverage

The Fuel Fire Test was recorded on 16 mm color film by one

studio quality motion picture camera, as shown in Table 2-3.

A hand-held 16 mm camera was used as a backup. The film speed

was nominally 24 fps; however, due to loading of the AC generator

used to power the camera, the actual film speed during the test

was observed to be 21 fps.

Additional photographic coverage consisted of 35 mm slides

and 16 mm post-test documentary footage.

L
2.3 TEST RESULTS

H The tank did not rupture during the test; however, it was

observed to be leaking to some extent along the entire length of

the underside after the fire was extinguished.

It should be noted that the fire was not completely extin-

guished until approximately 30 minutes after test initiation.

This resulted in an addition of approximately 20 minutes to the

specified burn time. During the extinguishing process, the tank

10



was sprayed with water .hile awaiting standby fire units to

arrive. This water could have become trapped in the honeycomb

cells on the side of the tank, mixed with fuel vapors and some

fuel leaking from the tank post-cest, and thus judged to be

"fuel" leaking. The extent of actual fuel leakage observed is

therefore considered questionable in the absence of a chemical

analysis.

As the pass/fail criteria for this test is the absence or

presence of a rupture, and a rupture is generally defined as a

break or breach, the tank appears to meet specification require-

ment.

Ii!
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3.0 TEST DATA

3.1 TEST CONDITIONS

The test was set up according to the procedures set forth in

Section 2.2. Pre-test approval was obtained (Data Sheet I) and

the test proceeded.

A summary of the test conditions is presented in Table 3-1.

3.2 TEST RESULTS

After the tank had been filled and sealed and the reservoir

had been filled, instrumentation was initiated, and the ignition

system was fired. The remote ignition system failed to ignite all

six reservoir pans, and ignition was completed by hand. Time zero

was established when exterior thermocouple read- is leveled off.

Thermocouple readings are presented in Appendix A.

Due to delay caused by instrumentation setup problems earlier

in the day, the test was initiated two-and-one-half hours later

than originally planned. In the meantime, a 7-12 mph wind came

up. Because of the wind and the relatively narrow fuel reservoir,

only the bottom and downwind side of the tank were fully engulfed

by the flames.

During the course of the test, a significant flame was ob-

served to be burning around the fuel filler and air vent valves.

One possible explanation is that the elevated internal temperature

caused fuel expansion significant enough to force fuel and/or

vapors out through the valves where it was subsequently ignited.

Another possible explanation is that the flame observed dround the

filler and vent valves was actually burning epoxy resin which is

present in both -hose areas t 4,:z not \ A I I- .h

between these two conditions while the reservoir was burning.

13



Some fuel leakage from the top of the tank was apparent once the

reservoir fire was controlled.

After the specified burn time of ten minutes, the fire crew

began to extinguish the fire. Following instructions given

earlier, they attempted to minimize the amount of extinguishant

sprayed on the test article. Due in part to the magnitude of the

fire in the reservoir, and in part to the fire caused by the fuel

leaking from the tank above the reservoir, the fire was not extin-

guished quickly and the crew ran out of the "light water" foam.

They were then forced to spray a plain water jet on the tank to

keep it cool until more fire units could arrive. This water jet

tore away most of the graphite windings that had been exposed on

the downwind side of the tank. Extra fire units arrived and the

fire was finally extinguished some 33 minutes after time zero.

Prior to final extinguishing, the tape recorder had run out

ot tape and the camera had run out of film.

Following the conclusion of the test, the fuel remaining in

the tank was pumped out into a fuel truck. During the fuel re-

moval operation, it was noted that long, sticky strands of a brown

material were clogging the screen of the siphon tube. It is pos-

sible that the very high internal temperature had melted the ther-

moplastic liner inside the tank and that the strands of material

were thermoplastic. This explanation would account for the leak-

age of fuel noted after the test.

The damage to the tank is described in the post-test observa-

tions of Data Sheet 2. Table 3-2 presents a summary of the thermo-

couple readings throughout the first ten minutes of the test. Ail

readings presented from internal thermocouples are considereu

unreliable. Dynamic Science does not bclieve that the relatively

quick rise times indicated, or the ultimate reading attained, are

14



realistic for this type test. It is probable that actual tempera-

tures of this magnitude would have melted the tank liner as well

as some portion of the internal fiberglass windings. Readings

from the external thermocouples are presented with a high degree

of confidence and believed to be accurate. Color photographs of

the test are presented in Appendix B.

15



DATA -SHEET 1. PRE-PUEL FIRE EXAMINATION

0 Testing Activity: Dynamic Science, Inc.

Tank Serial No.: 0005

Test Date: June 26, 1981

Activity Test Engineer: Terry Bjork

Fiber Science, Inc. Test Engineer: Richard R. Lyman

Government Representative: Hugh Hilliard

EXAMINATION OF PRODUCTS:

Visual Inspection: Approved

Delaminations (Tap Test): Approved

MOUNTING:

Aircraft Simulated Attachment Deviations If Any:

Fuel and air fittings exposed (fairing in place) -

instrumentation in nose plug on forward end -

secondary support cables attached at pylon support bolts

ARRAN G EMENT :

Approved Test Arrangement:

Testing Activity Approval

Approved 4,:-Zj',7 -J Date

F.S.I. Test Engineer Approval

Approved By-iP./, . ate/

I Government Approval

Approved By 2 . Date Z

Minimum of two signatures required.
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"TABLE 3-1. FUEL FIRE TEST SUMMARY
Test Description: FSI 450 Gallon Tank Fuel Fire

Qualification Test
Tank Serial Number: 0005 Mfg. Date: April 1981
Test Number: TI-i
Number of Data Channels: 19
Number of Cameras: 1
Date: June 26, 1981 Time: 9 :29 AM Temperature: 990F

PRE-TEST DATA

Tank Fuel: Jet-A - 450 gallons approx.

Reservoir Fuel: Jet-A - 255 gallons approx.

Wind: 7-12 mph E/ESE

POST-TEST DATA

Initial Ignition: 9:28:04

jw Complete Reservoir Ignition (to): 9:29:47

Begin Extinguishing(test corplete) : 9:39:50

Extinguishing Complete: 10:02:45

';umber of R'uture:s: N one

wP
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TO BE COMPLETED BY FIBER SCIENCE

EVALUATION OF DATA

CAMERAS:

THERMOCOUPLE RECORDINGS:

GENERAL CONDITION:-

FIBER SCIENCE. INC. NO. QTP-2191 Section "P"

ESALT LAKE CITY UA H



-I -' -"

"f" DATA SHEET 2. POST FUEL FIRE EXAMINATION (CONTD)

PYLON CONDITION:

Light sheet aluminum on right side nearly completely
melted away. Main pylon support members blackened but
intact. Pylon internal mechanisms blackened but intact.

TO BE COMPLETED BY FIBER SCIENCE

DISSECTION OF TANK

Approved By Date

GENERAL INTERIOR CONDITION
a

CONDITION OF INNER WINDING --

CONDITION OF LINER

0-



APPENDIX A

FUEL FIRE THERMOCOUPLE DATA

(Analog Filter 1 00 Hz)

A-V

A-1
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FIGURE B-5. OVERALL VIEW OF TANK EARLY IN TEST.
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1.0 Introduction

Simulated lightning attachment and physical damage tests
were performed on a full scale 450 gallon filament-wound external
"fuel tank (part no. 2191-001) for the H-53 helicopter. A Sargent
Fletdher pylon assembly (part no. 27-450-4400) was attached to
the tank. The tests were performed according to Fiber Science
Qualification Test Procedure QTP-2191 Section R dated 29 November
1980.

Testing took place at Lightning Technologies, Inc. during the
period of 4 - 8 June 1981. The tests were witnessed by R. Lyman
of Fiber Science, Inc. and H. Hilliard of the U.S. Air Force.
Tests were conducted by J.A. Plumer and J.E. Pryzby of Lightning
Technologies, Inc.

2.0 Summary of Results

For the lightning attachment tests, the high voltage probe
was placed at various locations along the fuel tank. These includ-
ed locations opposite the drain valve, lower adapter screw, graphite/

* epoxy and glass interface, graphite area, nose fuel filler cap,
and inside ring.

The tests showed that lightning may be expected to strike the
drain valve, fuel probe, lower adapter screw and the composite
skin itself, but not the filler cap, which is recessed in the fil-

S ament wound skin. The general location of most lightning strikes
to the tank is determined by the location of the tank on the heli-
copter. In the application planned, the lower and outboard surfaces
of the tank may be expected to receive most of the strikes. None
of the high voltage tests conducted on this tank resulted in punc-
ture of the composite skin.

The high current physical damage tests were conducted with
the electrode positioned over the fuel cap, glass and composite
skins in the nose area and over the forward central rib. The
resistance of the composite skins limited the test current to
currents of 135 kA, which, while representing a severe strike,
did not fall within the tolerance range of SAE current component
A (a very severe stroke). Evidence of internal sparking was noted
by evidence of light on Polaroid photographs of the inside of
the tank for 6 of the 14 strike current tests. The location of
this sparking could not be determined positively, but was thought
to be at the pylon attachment bolts. Minor damage and local
delamination occurred to the composite skin from these tests but
no evidence of puncture through the rank wall was noted.

During some of the high current tests, voltages induced in
the fuel quantity probe wiring inside the tank were made. Voltage
transients of up to 1600 volts were measured between the Hi Z
and Lo Z probe conductors at the probe connector on the top of

I



the tank. Since most fuel quantity probes are capable of with-
standing a surge of 10 kV without sparking between capacitive
elements, the voltages measured here are not likely to cause a
hazard. It must be remembered, however, that additional voltages
may be induced in the portion of the electrical circuits that
run between the tank and the gauging system within the helicopter.
These voltages could not be evaluated during these tests, and can
only be evaluated by tests of the tank installed on the complete
helicopter.

Induced voltages were not measured in the pylon ejection
circuitry because the circuits leading to the ejection cartridges
are located primarily in the helicopter, and were not available
for these tests.

0 3.0 Descriptiou of the Test Specimen

The test specimen was a full scale, pre-production, 450
gallon filament-wound external fuel tank (P/N 2191-001, SN006)
for the H-53 helicopter. A Sargent Fletcher pylon assembly
(P/N 27-450-4400) was attached to the tank.

4.0 Description of Tests

4.1 Lightning Strike Attachment Tests

Simulated lightning strike attachment tests (also called
high voltage tests) were performed first to determine detailed
lightning strike attachment points, and especially, to determine
if metallic objects on the tank, such as the drain valve, would
attract strikes. The tank was intially positioned with the high
voltage electrode adjacent to the drain valve at a distance of

* 12". The pylon was connected to the generator ground circuit.
A 475:1 resistive voltage divider in conjunction with a Tektronix
544 oscilloscope was used to measure the voltage applied between
the test electrode and the fuel tank. A Polaroid-type camera
was positioned so that its lens entered the interior of the tank
through the filler cap opening near the pylon. Any light detected

* by the camera during testing would be indicative of interior
sparking. Figure I shows the tank in position for the lightning
strike attachment tests.

*J 2
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Figure I Test Setup for Lightning Strike

Attachment Tests.

4.1.1 High Voltage Test Circuit

A 500)000 volt Marx-type impulse generator was utilized to
* produce the voltage for these tests. The test circuit schematic

is shown in Figure 2.

4.1.2 Test Restilts

An in~itial waveform checkout was performed using an aluminum
foil covering over the tank. The test verified that the applied
voltage waveform met the specification of 1,000 kV/u~s + 50/. rate-
of-rise as specified in Paragraph 4.1.1 of SAE Conmmittee A.E4L
"Lightning Tests Waveforms and Techniques for Aerospace Vehicles
and Hardware", June 20, 1978. A typical applied voltage waveform
is shown in Figure 2.
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ratoq rode DLvLd

11O

95 kV/ div 0.5 u~s/div
418 kV Peak

dv/dt 909 kV/-s

Figure 2 - Test Circuit and Typical Applied Voltage for
Simulated Lightning Strike Attachment Tests.

Testing began with the electrode placed adjacent to the drain
* valve at a distance of 12". The Polaroid film showed that light

had appeared inside the tank during Test 3 indicating interior
sparking. No further evidence of interior sparking occurred dur-
ing the remainder of the lightning strike attachment tests. In
addition, there was no evidence of puncture of the tank wall
during these tests. The test results are tabulated in Table I
and photographs of most of lightning strike attachments are shown
in Figures 3 - 11.
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*Figure 3 -Lightning Strike Attachment Test No. 3.Flashover
to Edge of Composite at Drain Valve Screw.

Sparking at
Drain Valve Scre

Figure 4 -Lightning Strike Attachment Test No. 4. Flashuver
to Composite Skin.
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Figure 5 Lightning Strike Attachment Test No. 9. Flashover
to Plain Area of Lower Skin.

Figure 6 -Lightning Strike Attachment Test No. 10. Flashover
to Edge of Glass.
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Figure 7 -Lightning Strike Atcachment Test No. 12. Flashover
to Edge of Graphite Wrap.

w

Figure 8 - Lightning Strike Attachment Test No. 13. Flashover
to Several Spots on Edge of Graphite.
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Figure 9 - Lightning Strike Attachment Test No. 16. Flashover
to Area Several Inches Forward of Ring.

U.-•-•.•.

Figure 10 - Lightning Strike Attachment Test No. 18. Flashover
to Label.
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* Figure 11 -Lightning Strike Attachxnent Test No. 19.
Flashover to Edge of Graphite Around Cap.
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Table I - Lightning Attachment Tests on
Fiber Science Fuel Tank (PN 2191-001, SN 006)

Test Photograph
No. Electrode Position Results Figure No.

1 12" from aluminum foil Waveform checkout
1,OOOkV/ps + 50%

qP 2 12" from drain valve F/O to edge of
composite at drain
valve screw.

3 12" from drain valve F/O to edge of 3
composite at drain

9 valve screw. Light
in interior of tank

4 12" from fuel probe F/O to composite
lower adapter screw skin 4

5 12" from drain valve F/O to edge of

drain valve

6 12" from drain valve

O 7 o f i s ""
S,1 It 1t IS tl iS

9 12" from plain area F/O to plain area 5
of lower skin of lower skin

1 10 18" from edge of glass F/O to edge of glass 6
& adjacent to transi-
tion between graphite/
epoxy and glass

11 " F/O to glass 1" aft
of edge of glass

12 18" from side of FfO to edge of 7
graphite area graphite wrap

13 18" from nose fuel F/O to several spots 8
filler cap on edge of graphite

1 4 11 to It It"

15 " " .

10
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Table I - continued

Test Photograph

No. Electrode Position Results Figure No.

16 15" from spot over F/O to area several 9

inside ring inches forward of
ring

17 " " " " F/O to area of ring

18 20" from aft fuel F/O to label 10
filler cap

19 13" from aft fuel F/0 to edge of
filler cap graphite around cap 11

20 " " " " F/O to edge of cap
opening

NOTE: F/O = Flashover

11



4.2 Physical Damage Tests

Simulated lightning strike physical damage tests (high
* current tests) were conducted to determine the extent of damage

which would occur to the composite skin from a severe lightning
stroke current. In addition, a Polaroid-type camera was position-
ed so that its lens entered the interior of the tank through the
filler cap opening near the pylon. This camera was used to detect
the presence of sparking in the interior of the tank during the

S high current tests. Any such sparking would normally be considered
a source of ignition.

4.2.1 High Current Test Circuit

A 17 PF, 50 kilojoule capcitor bank was used to generate the
lip test currents. The electrode was p'aced in contact with the tank

at several locations during the test. The test circuit schematicand typical input current are shown in Figure 12.

High Volcage
L Swiitch

High I- Sw
Curren II

Generator

I I Fuel
Tank

C.T.
To' Tekcronix 535

50 kA/div 20 ps/div

Figure 12 Test Circuit Schematic and Typical Oscillogram of

Applied Current for Simulated Lightning Damage Tests.
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4.2.2 High Current Test Results

Table II presents the results of the high current physical
j p damage tests. Peak currents tended to be lower than the 200 kA

+ 10% peak current specified for zones LA and lB in MIL-STD-1757
Method T03. This was due to the high impedance of the fuel tank
which limited the peak current. As a result, several strokes of
lower amplitude were made to several spots, so that the cumulative
damage would represent that produced by a more severe stroke. The

IPolaroid camera showed that light flashes did occur during several
of the tests indicating internal sparking. Preliminary examination
of the tank interior did not reveal any evidence of puncture and
it was not possible to determine the location of the sparking that
was seen on the Polaroid photographs because the interior of the
tank could not be inspected from the existing port Further
investigation for the location of the internal sparking will need
to be made by dissection of the tank. Photographs of some of the
high current tests are shown in Figures 13 - 21.

13
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Figure 1.3 -High Current Test No. 21. Electrode Over
Center of Nose Fuel Filler Cap Area.

Figure 14 -High Current Test No. 24. Electrode Over
Center of Nose Fuel Filler Cap Area.
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Fiur 15 Hig Curen Test. r No-5 lctoeOe

114

r Figure 16 High Current: Test No. 25. Electrode Over
Center of Nose Fuel Filler Cap Area.

17



w

Figure 17 -High Current Test No. 28. Electrode Over
Center of Nose Fuel Filler Cap Area.

Figure 13 t [lgh Currernt Test No. 29. Ele:ctrode Over
Cunter- of Nose Fuel FiIleT Cal) Area.

9 1s



Figure 19 -High Current Test No. 30. Electrode Over
Center of Nose Fuel Fill Cap Area.

Figure 20 -High Current Test No. 31. Electrode Adjacent
to Glass and Composite Skins in the Nose.

19



Fi-gure 21 -High Current Test No. 33. Electrode Over
Forward Central Rib.

5.0 Discussion of Results

*5.1 Physical Damage

In all cases the amount of physical damage to the composite
skin was limited to puncture of the outer layers of tape and de-
lamination of a short length of tape in either direction. None
of the strikes resulted in puncture of the inner liner of the
tank, but light was detected by a Polaroid camera viewing the
inside. See Figures 22 - 24. The light indicated sparking
within the tank, but the source of the sparking could not be
identified due to inability of the camera to view the entire
inside of the tank.

.

40°
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"Figure 22 - Light in Tank Interior During
High Current Test 32.

Figure 23 - Light in Tank Interior During
High Current Test 33.

I

Figure 24 - Background View of Tank Interior
As Seen By Polaroid Camera.
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5.2 Electrical Sparking

The electrical sparking noted in Paragraph 5.1 must be
considered a source of ignition of flammable fuel vapors.

W Whereas the location of this sparking could not be determined
from the tests, the fact that the sparking occurred during all
of the tests, no matter where the electrode was positioned,
indicates that it probably occurred where the current exited
from the tank, possibly at the fasteners that attach the compos-
ite tank to the pylon assembly, because the current necessarily

* passes through these attachments during all tests. This same
path would also be taken by lightning currents striking the tank
when mounted on the helicopter.

Determination of the sparking locations can probably be madeby dissection and inspection of the interior of the tank. OnceS the locations of sparking are known, it should be possible to

design effective protection against sparking, or to isolate the
sparking from flammable vapors.

5.3 Induced Voltages

The induced voltages measured in the fuel quantity probes
are beneath the levels necessary to cause sparks in most fuel
quantity probes, but it must be remembered that most of the
electrical length of these circuits is outside of the tank, be-
tween the tank and the quantity measuring electronics locatedin the helicopter. For this reasogs, the measurements recorded
here can not be considered conclusive. The tank must be tested

on the helicopter to determine the total induced voltage that
may be present at the quantity probes as a result of lightning
strikes to the tank in flight.

For this same reason no measurements were made on the pylon
actuator circuits. No portion of these circuits enters the tank.
Here again, the induced voltages that may reach the actuators
are induced in the circuitry between the actuators and the heli-
copter electrical system, and a full-vehicle test is necessary
for their evaluation.
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S1.0 v'rRODUCTION bo manifested in many diffnrent vays. It La t•,irc-
fore difficult to address ovnry possible situatiun lt

This document presents test waveforne Anld tech- dctnil. However. the test waveforms de-scribed :ezraiit
niques for sinulated lightnin8 testing of aerospace represent the significant aspects of the natikral en-
vehicles and hardware. The wavefcrms presented are vironncnt and are therefore independent of vehicle
based on the best available knowledge of the natural type or configuration. The recomended test techni-
lightning envirotvent coupled with a practical con- ques have also been kept general to cover as many
sideration of state-of-the-art laboratory techniques. test situations as possible. qome unique situations
This document does not include design criteria nor may not fit into the eeneral guidelines; in such in-
does it specify which Items should or should not be stances, application of the waveform conlonenes must
tested. be tailored to the specific situation.

Tests and associated procedures describeZ here- The test waveforns and techniques described
in are divided into two genersl categories: herein for qualification tests simulate the effects

of a severe linhtnin' 1trims to an aerospace vehicle.
o Qualification tests Whare it has been sl.o.r hat test conditions can af-
o Engineering tests fect results of the te!., a specific approach is re-

commended as a guideline o new laboratories and for
Acceptable levels of damage and/or pass-fail consistency of resuilts between laboratories.

criteria for the qialification tests must be provided
b7 the cognizant regulatory authority fr each parti- It is not intended that every waveform and test
cular case. described herein be applied to every system requiring

* lightning verification tests. Tte Aocument is written
The engineering tests provide Important data so that specific aspects of the enviranent can be

that may be necessary to achieve a qualifiable design, called out for each specific program as dictated by
the vehicle design, perfornance, and mission con-

The term Aerospace Vehicle covers a wide variety straints.
of systms, including fixed wing aircraft, halicop-
tars, missiles, and spacecraft. In addition, natural
lightniDg is a complex and variable phenomenon and
its interaction with different types of vehicles may

I
I
4
*
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For each strokez
Time to peak current - 1.05 s

9 Time to Half Value - 40 us

Initial return stroke For the complete flash :

140 Restrikes Intermediate strokes i i 2dt -l1.9x 106 amperes2 seconds.

740 kA 4 8n10
730 kA -_ _- C ontinuing 6 7 10

Current Final stage
-400 A 

-200A

10 60 I10 160 460 520 580 640 700 860 Time
me is me n ms me ma me ms rns ms (Not

to Scale)

(A) Severe negative lightning flash current waveform.

(Courtesy of Cianos/Pierce)

65 Coulombs up to 2 ma For the complete flash:

Si.2 dt * 2.5x10 6 amperes 2 seconds

185 Coulombs after 2 me

* I I

2 5 10 Time
me ms ma (Not

to Scale)

(B) itoderate positive lightning flash current waveform.

rigure 2-2 Lightning flash current waveforms.
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2.1.4 Mo'ntrtke Phane movos thro'q~h the 1tRittning, clm.i| tl. * ,"' t ho th 1'h -

nins channel Appeanrs to !swocp L.oc'k ivet t1.- nrfnce

In a typical l1ihtning flanh theru will be sGe- so i1ll ,ntrAtod in Ftgire 2-1. Thin it k1.nta ,ini't

oral highi current mtrokee following the hrete return -"topt stroke phunoaeuon. Ats the .aw.±eping .itnlit %)a-

stroke. Theme occur at intervals of sevural tens of cure, the type eo aturface c•st cause the It~ittitinii

milliseconds ea difforunt charge poclets in the cloud channel attaclh point to dwell at varli-le nurfnco lI-

&TO tapped and their charge fed into the lightning entions for differenc perioda of tine, reu'ultinin In

clitAel.. Typically the peek amplitude of the re- a slApping action wihich produce: ,a nuricn o(f 1in-

strikes 1a about one half that of the initiml high crete ,atach1knnt points alonR the svwcpinr i-ltlk.

current peak. but the rate of current rime is often

greater thtan that of the first return stroke. The The .imount of damaseo produced at nny point tin

continuing current often links these various success- the aircraft by a uwept-stroke depends upon the type

ive return stroke*, or restrikes. of naterial, the arc dwell tirne at that point, 4n0t

the lightning currents which flow dirLnA the attach-

2.2 Aerospace Vehicle Li.htitni Strike Phenomena ment. Both high peak current restrikes .Ith iutar-

modiate current components and continuinr. currotni

2.2.1 Initial Attacluent may be experienced. Restrikes typically produce rt-

Sttachnant of the are at a new point.
Toirially the lighti�ng flash will enter and exit

the aircraft at two or more attachment points. There When the liChtntng arc has been 3wept back to

will always be at least one entrance point end one exit one of the trailing edges it may remain attached at

point. It is not poaslble for the vehicle to store the that point for the rer-ainng duration of the 1iPht-

electrical e.ergy of the lightning flash in the capaci- ning flesh. An initial exit point, if it occurs at

tive field of the vehicle and so avoid ae exit point. a trailing ede,. of course. would not be suhjected

Typically these Initial attachment points are at the to any swept stroke action.
extremities of the vehicle. These include the oome,

wina tips. elevator and stabilizer tips, protruding The significance of the swept stroke phenomenon
antennas, end engine pods or propeller blades. Light- is that portions of the vehicle that would not be

nina can also attach to the leading edge of swept wings targets for the initial entry and exit point of a

and sors control surfaces, lightning flash nay also be involved in the light-

ning flash process as the flash is swept back'wards

2.2.2 Swept Strokes Phenomenon across the vehicle.

The lightning channel is somewhat stationary in 2.2.3 Light•inrg Attact•,ent Zones

space while it is tranaferring electrical charge.
When a vehicle is involved it becomes part of the Aircraft surfaces can telin be dlvided Into thre

channel. However, due to the speed of the vehicle zones, with each zone having difforent lightning at-4
and the length of time that the lightning chanevl ex- tachnent and/or transfer char.,cteristitcs. These ar,

ista, the vehicle can move relative to the lightning defined as follows:
channel. When a forward extremity, such as 4 nose
or wing mounted eanSine pods are involved. the surface Zone 1: Surfaces of the vehicle for which thei

is a high probability of initial lightning flai
atcachoent (entry or exit).

To

T1
Tl

22

T 4

1\\

T

Figure 2-- Swept stroke rhenrtmenon.9T



Zone It %urfaces of then vehicle across which 2.3.1 Direct fct
thnre to a high probftbility of 4 lightntfit flash
being swept by the airflow fro* a Znne I point The nature of t~;e particular direct effects &a-
of init"il flash attachment. sociat~ad with anty Lightning flash depends upon the

structural component involved and the particular
Zone 31 Zone 3 includes all of the vehIcle phase of the lightni~ng current transfer discussed
area, other than these cowered by Zone, I end earlier.
Usne 2 regions. Is azue 3 there Is a low prob-
ability of any attachmeant of the direct light- 2.3.1.1 Burning and Lrdn!L
nuIng flesh arct. :on* 3 area.* may carry sub-
otential amounts of electrical current buat only The continuing current phase ot a lightning
by direct conduction between so.. pair of dir- stroke can cause severe burning and eroding damage
t*cc cc sept stroke attachment points, to vehicle structures. The most severe damage oc-

cure*uwhen the lightoing channel dwells or hangs on
Zones I and 2 nay be further divided Into A and at one point on the vehicle for the entire period of

* 1 regions depending on the probability that the flesh the lightning flash, such as in Zone 11. This can
will hang on for any protracted period of time. An A result In holes of up to a fev centimeters In dia-
type regiom ismona i& which theme io low probability moter on the aircraft skin.
that the are will remain attached and a 8 type regime
io onei in which there is a high probability that the 2.3.1.2 vaporitation Pressure
arc wrUl romain attached. Souse examples of &one@ ar&
as follows: The high peak current phase of the lightning

flash transfers a large amount of energy in a short

Zone LIA Initial attachment point with low prob- period of tine. a few tens of microseconds. This
abili-ty of flash hang-on, such as a leading edge. energy transfer can resuft in a fast thermal vaporize-

tion oA material. If this occurs in a confined area

Zone I3N Initial attachment point with high prob- ouch as a redone, a high pressure may be treated
abi~lity of flash hang-on, such as a trailing edge. which nay be of sufficient magnitude to cause

structural damaes. The vaporization of metal and
Zone 2A: A swept etroke aone with low probabil- other materials and the heating of the air inside
ity of flash bang-on, such asa wing mid-span, the redonse, create the high internal praesure that

leAds to structural failure. In some instantcas

9Zone 23: A wwapt stroke sone with high probe- intire radomes have been blovm from the Aircraft.

bility of flash hang-on, such as a wing Inboard
trailing edge. 2.3.1.3 M!agnetic Force

2.3 Aerospace Vehicle Lightninh Effects Phemenana Dluring the high peak currant phase of the light-
ning flash the flow of currant throug~h sharp beads

T'he lightning effects to which aerosape vehi- or corners of the aircraft structure can cause ex-
cles are exposed and the effects which should be to- teosiva magoatic flux interaction. In certain cases,
produced through laboratory testing with sitsulated the resultant magnetic forces canevotist, rip, die-
lightning weveforma canm ie divided into DIJUBC? U11- tort, and tear structures away from rivets. screws,
FECTS and DMDIPZCT EFlEMT. The direct effects of and other fasteners. Theae magnetic forces are pro-
lightning art the burning, eroding. blasting. sand portional to the square of the magnetic field intea-
structural deformation caused by lightning arc at- city and thus are proportional to the oquers of the
tachmant, as wall as the high-pressure shock waves lightning current. The demage produced io related
and magnetic forces produced by the associated high both to the magnetic force &od to the response time

* currents. The indirect effects are prodominatly of the system.
those resulting from ths interaction of the electro-
magnetic fields accompanying lightning with slactical 2.3.1.4 Fire and IZNploolos,

9' apparatus in the aircraft. Bazardous indirect effects
could in principle be produced by a lightnIASn o lsh fuel vaporseand other combustibles may be 4&-
that did not directly contact the aircraft and haene nited in, several ways by a lightning flash. Durni'g
was not capable of producing the direct effects of the prestrike phase high electrical stresses around
burning and bleating. Fkaever. It~ is cur-rently be- the vehicle produce screamers fro* the eircraft ax-
lhewed that most Lndirect affects of Lmportance will taemtties. The design and locatio" of fuel vents
be associated with a direct lightning noash. in saw determine their susceptibility to strasuar condi-
case* both direct &ad indirect effects nay occur to tions. If ecreusare occur from a fuel vent in which
the sasc component of the aircraft. An example would flacmble fuel-air mixtures are present. Ignition
ha a lightning flash to an antenna which physically may occur. If this I~gnition ts nat arrested, (14a"a
ds~agaa the antenna and also send@ damaging volt&g&" can propagate into the fuel tank aesa and cause a
into the transmitter or receiver connected to that major fuel explosion.
antenna. io this document the physical damage to the
anteona will be discussed as a direct effect sad the
voltages or currents coupled from the antenna Into
the ca.unicatioma equipment will1 be treated as am
indirect affect.



'The flow of lightning current through vehicle diffusion through nmtallic skins or Jirect lionctra-
structures can cause sparking at poorly bonded struc- tion through apertures such a% nkin joints aind ,,in-
ture interfaces or Joint@. If such sparking occurs dows or other nonmetallic sections. If th'! ioGlI
where combustibles such as fuel vapors are located, are char•tinp, with respect to tiru and link electri-ignition r62y occur. cal circuits inside the vehicle. they uill11%idu,:,!:'

tranaienL voltages and currents into theno circuitit.
Lightning attaching to an integral tank skin These voltages may be hazardoun to avionic and 1,ilc-

may puncture, burn holes in the tank, or heat the tricel equipment, as 4dell as a source of fuel ir•ni-
inside surface sufficiently to ignite any flazmble tion.
Vapors present.

Voltages and currents may also be produced hy2.3,1.5 Acoustic Shock the flow of lightnine current througih the resiatencu

of the aircraft structure.
The air channel through which the lightnLng

flash propagates is nearly instantaneously heated 2.3.3 !iffects on Personnel
to a very high temperature. WIhen the resulting shock
wave inpinges upon a surface it may produce a de- One of the most troublesone ofufcts on poruonnnl
etructive overpreseure and cause mechanicel damage, in flash blindness. Tis often occurs to flirlht crct"

me.ber(s) who may be looking out of che vohicle in2.3.2 Indirect Effects the direction of the lightnLne flash. Tie rosnltirn:j
flash blindness may persist for pertads of 30 secondn

Damage or upset of electrical equipmenc by cur- or more, rendering the crew ne.nber temporarily titahla
rants or voltages is defined as an indirect effect, to use his eyes for Elight or instrurnieit-roading
In this document such damage or upset is defined as p'irposes.
an indirect effect even though such currents or volt-
ages may arise as a result of a direct lightning Personnel inside vehicles may also be siuhjected
flash attachment to a piece of externel electrical to hazardous effects from lightninG strikes. Serious
hardware. An example would be a wing-tip navigation electrical shock nay be caused by curtents and volt-
light. If lightning shatters the nrotective glass ages, conducted via control cables or wiring lendinp.
Covering or burns through the metallic housaing and to the cockpit from control surfaces or other hard-
contacts the filament of the bulb, current can he %.•re struck by lightning. Shock can also he Induced
injected into the electrical wires running froe the by the intense thunderstorm electro•Agnetic fields.
bulb to the power supply bus. This current may burn
or vaporize the wires. The associated voltage surge The shock varies from nild to serious; quffi-
may cause breakdown of insulation or darage to other cient to cause numbness of hands or feet and ione
electrical equipcent, disorientation or confusion. Thi.R can be quito hat-

ardous in high-performance aircraft, particalarlyEven if the lightning flash does not contact wir- undeo the thunderstorm condition# during which light-
ing directly, it will set up changing electromagnetic ning stril:es generally occur.
fields around the vehicle. The r etallic structure
of the vehicle dose not provide a perfect Paraday Tests to evaluate these personnel effects are
cage electromagnetic shield and therefore esce else- not included in this dacu=ant.
tronagnetic fields can enter the vehicle, either by

I.
[
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3.0 "TA'•ANhD LUrlttrM PAiwJJWTh.t ,•flrtATl0N 3.2 ievrforo .eacrIptionn roor ()iliftcwtvnn Tests

3.1 Nmooe 3.2.1 Voltake Wavsfnrus

Cosplete natural lichtning fleshee CRI~nt be du- The basic voltage weveforn to A•c4dh vehicles are
plicated ln the laboratory. tist of the voltage end subjected Is one tlat rises uritil ,renhdown occurs
current characteristlcs nf lightintag, however, can be either by puncture of solid Insulation or filehover
duplicated separately by laboratory generators. These throuSh the air ur across an ti•sulting surface, The
charactoritaice are of two broad categories The path that the flashover tales, either puncture or osr-
VOLTAGES produced during the li~htnLng f•aish ad the face flashover, depends on the race of rise of the
C1TWJENYS that flow in the completed lightning channel. voltage an ehnom In figure $-I.
With a few exception*, it to not necessary to sium-
late high-voltat8 and high-curront charecteristics During soon types of tosting it to necessary to
together, deterstne the critical voltage amplitude at which

-w breakdown occurs. This critical voltage level de-
The hiCh-voltege characteristics of lightning pends upon both the raze of rise of voltaeo and the

determine attachiesnt points, breakdown paths, seg rets of voltage decay. Two wwaplqs are (1) deter.-
stroamst effects, whereas the current chardcteristics alning the etitngth of the Insulation used on electri-
determine direct and indirect effects. cal wiring and (2) determint•g the points from which

electrical screamers occur on a vehicle as a lightning
In =at cases. lightniJg voltLae8 are simulate4 flash approeches.

by high-impedence voltage generators operating into
high-impedance loads. while lightning currents are Althoigh the exact voltaet vevefr)rm produced by
simulated by louo-impedance current generators operat- natural lightning Is not knewo, flight service data
ln& into low-ilpedance loads. and conservative test philosophy justify the defini-

tion of feat rising voltage .- voforima for the teats
The waveforra a;eecribed In this section ere ide&- just described. Voltage teoting for qualification

aliSed. Definition& relating to actual wavesehapes purposes thus calls for two different standard volt-
ere covered in AhST end I-EE Sta•asrd ?-chnig',e_ for age wavefor-Ls. These are s town in F4Iure 3-2 and are
Dielectric Tests. ANSI C68.l (1968) - £ IEEZ nio. 4. described in the following *sctions. 'hre qiLelifica-
Thase specifications are equivalent and are in curm tion tests In wtich these uavefurms are applied are
Sequivalent to Rih toltger Test Techniques. IEC 60-2 pressrtod in the toot astrit of Table I. The objee-
(1973). The definitions in these documents should trees of each test. the test setup. ee surerent and
be used to determine the front tieat duration and date rejuirements are described In S.ctlon 4..0.
tate of rise of actual waverorns.

Severe lightning flash voltage end current wave-
forws, as described in Paragraph 3.2 amve been de-
veloped for Purposes of qualiflcetson tearing: wave-
forms in Parag•aph 3.3 are for R&D or screening teast
purposes and are designated engLneertnig tats.

Voltage waveforme that would

-ccut If puncture or flash-
over did not occur

I.r
S4

- / A feet rats of vo'tase ries

"• A slower raes of vii(ere rise
••leads to flamshover at V1

I -f _• •Time lag curve for
" / I • • unct,tre of %n114I... liqtltonn

S-- • - " i' nt e l a g C 'ýr v e f o r f l a~h -

Ficure 1-1 Infl,,encs of rate of rise on flshlovcr 'aLh



3.2.1.1 Voltage WavefoCm A - baic Lightning The teats in which these wavoaform are Applied
Uaveforn are presented in Table 1. The objective of each test

alongl wtht **cup. measuremzent, "~ data requJirements

This waveaforu clues at a rate of 1000 kV per ace described in Settirue e0.
s mkrontcond Q+301) umtil is increase in Sntarmpted
by puncture of. or flaahowar across. tbe object under 3.2.2.1 Cmponeaot A - Initial Rlih Peak Current

6 test. Lt that time the voltage collapsea to zero.
The rcate of voltage collapse or the decay time of the This component simulatee the first returt stroka
voltage if breakdown does not occur (open circuit and is characterized by 4 peak amplitude of 202 MA
voltage of the lightning voltega generator) is not (L192) and an action integral (Jidtj of 2 z 102

specified. Voltage waveform A is shown in figure anp -seconds L+20?) with a total time duration not
3-2. exceeding 300 aLicroeec•nds.

3.2.1.2 Voltaie Waveform B - Full wave The actual waveqhape of this component is put-
ponely left undefined, because in Laboratory siauna-

Wsvafaor B in a 1.2 x 50 microsecond vavefocm tion the wavachape io strongly influenced by the typo
which ie the electrical industry standard for impulse of surge generacor used and the characteristics of
dielectric tests. It clses to crest in 1.2 (+ZOZ) the device under cost. Natural lightning currents
mieroseconJs and decays to half of crest amplitude are unidLrectional, but for laboratory simulation
in 50 (+20:) mictoeeconds. Time to crest sod decay this component may be either unidirectional or os-
ttea refer to the open circuit voltage of the light- CdLatory.

sLng voltxge generator, and asee ch tha the weve-
form La not limited by puncture or flashover of the 3.2.2.2 Component 3 - Intermediate Current
object undet tesc. This waveform in shown on Fig-
ure 3-2. This component simulatee the intermediate phase

of a lightning flash in which curreats of several
3.2.2 Current Wevefams thousand spates iflow for times an the order of sev-

eral milli•econds. It Is characterized by a current
It to difficult to reproduce a aevere lightning surge with an average current of 2 kA (+10%) flowing

flash by laboratory simulation bectaue of inherent for f a axioum duration of S allliseconda and a nazi-
facility limitations. Accordingly, for determLIing am charge transfer of 10 coulombs. The wavefora
the effects of lightning currants end for laboratory should to unidirectional, e.g. rectangular, exponen-
qualification testing of vehicle hardware, an ideal- tieal ot linearly decaying.
ized representation of the coaoonents of 4 severe
lightning flash incorporating the Imrortant aspects 3.2.2.3 Cne C - Continuing Currtnt
of both positive and negative flashes has been de-
fined and ti shown on Figure 1-3. Component C simulates the continuirg current that

flows during the lightning flesh and transfers nost
For qualificatio ctasting, there are four com- of the electrical clarge. This corponent musit treas-

ponents, A, B, C, and D, used for determiLAtcLo of for a charge of 200 coulombs (+20n) in a time of be-
direct effects and cest waveform 2 used for ditar- vweea 0.25 end 1 second. This Implies current ampli-
"aeanetio of indirect effects. Components A, 3, C, tudae of between 200 and 80 amperes. The waveform
eri 0 each simulate a different characteristlc of the should be unidireci.Lonl, e.g. rectan~ular. exponen-
current in a natural lightning flash and era shown on tial or linearly decaying.
Figure -3*. 'hey are applied individually or as a
compoitce of two or oars conponents together in one 3.2.2.4 Conponenc D - Restrike Currýnt
teat. 'here are very few cases in which all four com-
ponents must be applied in one test on the sare test Component 0 simulates a subsequent lIigh peak
object. Ulse time or rate oe change of current has current. It is characterized by a peak erplttudebof
little effect on physical damage. and accordingly has 100 kA (+10:) and an action integral of 0.25 a 10
not been specified in these components. Current wave- -npeare

2
-"acond (±201).

form E, also shown on Figure 3-3, it intended to dater-
sine indirect effects. When ev'lueating indirect ef-
fects, rate of change of current is Important and is
epscified.

* ,
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3.2.2.5 Currant Waveturni P FAst Pate Of Rise mondel attach points tenst Sit the U~.S. Slow front wnv-

f troke Toot for Full-ize IHardware forett (on the nrder of h..ndred'o ntntcruAncnnd.) pro-
duce 4 •rraser iprend of Attach pi~nlLts. i-o•sib1y In-

Current wivcfnnu 2 sitatlatse a full-scale feet cludinr. attachmcnts to low field reglons. lMorefore

rate of rise etroke for tentinC veliscle hardware the test dr :a funt be analysed 1,y approlpriate statei-

whidi at full Pccl. would be 200 kA At 100 WA/ia. tical methods In defining Zone 1 region@.

9 The peak amplitude of the derivAtive of this wavefom
muse be at least 25 kA per nicrnsecond for at least Tvc high voltage waveforms are described In the

.0.5 nicrosenond, as shewn in riruro 3-3. .urrant following paragriphe And ahovn on Figure 3-4. TlI

*iOvofvt1t C kse a niniL-IO A1:A,!t'd@ of 50 .A. IAn am" first is a faet waevform which is to be used for what

]I |tutl of 5n kA i used to anablo teeting of typical will be termed "feet front model teats." The second

aircraft comsr.onante with conventional Inboratory liPht- wevefom Is a slov risalnc ijveforo which will he em-

sing currant generateors. •he Action integral, fa)l ployed for "slow front model tests."

time. nod the rate of fall ace not specified. If de-

sired and feasible, components A or I nay be Applied 3.3.2.1 Voltage Ilaveforu C - fast Front IWodel Tests

9 with a 25 kA per mtcrosecond rate of reie for at least
0.5 microeecond and the direct and indirect effects Titie Ie a chopped voltage waveform In which flesh-

evaluetion conducted simultaneously. aver of the gap between the model under c.;st and the

cest electrodes occurs at 2 m1croseconde (_502).

3.3 *:veforu Descriptions for rnirinering Tests The amplitude of the voltage at time of flashover

end the rate of rise of voltage prior to breakdown

3.3.1 Purpose are not specified. The waveform to shown on Figure

3.4.
Lightning voltage and current waveforms deacrib-

ed in the following paragraphs have been developed 3.3.2.2 Voltage 11aveforu 0 - Slow Front todel Tests
for engineering deelign and analysta.

fie slow fronted vaveform has a rise time between

The teats in which these tuaveforme are applied S0 and 250 microseconde so as to allow time for stream-

ate presented lil Table 2. -he objectivee of each test, are from the model to develop. It should give a higher

along tiith setup, neasurement and data requiremente strike race to the lav probability regions thean other-

Sare described In Seccion 4.0. vies might have been expected.

3.3.2 Voltage |'aveformn 3.3.3 Current 1:aveforms

TirIng tests on nodel vehicles to deternine poe- Current waveforn comronente F and G, shown on

sible attachmr'ent polnte the lenlth of gap used be- Figure 3-5. are intended to determine indirect effects

tueen the electrode simulatine the approAching leader on very large hard,'ere and full size veh-clee. Tlhese

and the vehicle depends upon the model scale factor. waveforms are specified at reduced amplitude@ to over-

furing uch testas it is desirable to allow the stream- come inherent full vehicle test circuit linitationa

ert from the model sufficient tine to develop. and also to allow testing at non-destructive levels to
Accordingly. for model teste it is necessary to stand- be made on operational vel-icles at non-destructive

ardite the time at which breakdown occurs, even though levele. Scaling will depend on the nature of the coup-

the raet of rise of voltage ie different for different 11ig process as detailed in the following paragraphe.
|tests. 3.3.3.1 Test 1:aveform F - Reduced AnplLtude

It has been deternineA
4 

in laboratory testing that "nidirect ionsl 'Javeform

the resulte of ettachment point testing are Influenced
by the voltage waveform. Fast rising waveforma (on Component F simulatee. at a low current level.

the order of a few microseconds) produce a relatively both the vies t:ze end decay tmee of the return stroke

fori nuc.ber of attach points, usually to the apparent cureent peak of the lightning flesh. It has a rise

high fiald regitoe on the model and all such attach time of 2 microseconds (!20:). a decay tLie to half
points are classified as Zone 1. Fast rising wave- anplitude of 50 a•croseconde (±201) and a minlma
formn haoe been used for practically all aircraft amplitude of 250 amperes. Indirect effects measure-

eants nade with this component must be axtrapolated

"to the full lightning current anplitude of 200 kA.

9
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1.3.3.2 Tone Uavefore, C n cud C2 - Damped Oecillatory
Wave form.

raot rate of else current waveforms and higher
amplituJe waveforms may often be uaefu.lly employed for
Indirect affects testing. For lndtirect effecte d&-
Pendant upon resistive or diffusion flux effects (i.e.
not aperture coupline) a low frequency oscillatory
curTent - ,avefor' C , In which the period (1/f) io
long compared with t•s diffusion time, should be used.
TtIL requires a frequency, f, of 2.3 kilohercz or
lower (i.e. the duration of each half-cycle in equal
to or renator than 200 p.). Uhae resistive or diff-
esloe affects are *easured. the &"aling should be Us
terrms of the peak current, vIth full saele being 200 kA.

Tor indirect affects dependent upon aperture
coupling the high frequency current, waveform C
should be used. The -axt,-m frequency of ,mve•.n C
should be no higher than approximtely 300 Khz or IRlO
of the lowest natural resonant frequency of the air-
craft/return circuit, whtchever to lower. thare sper-
cure-coupled affects are measured the scaling should
be In terms of rate-of-rLse (di/dt). vith full ecale
being 100 kW/pm.

Wheen testing composite structures with wavoform
a,. resistive and diffusion flux induced voltages •ay
occur as well as aperture coupled voltages, and re-
sulte should be scaled both to 200 kA and to 100 kA/Pa.

i
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Vt.A(L.E v nL.TArC I

WAVEFORI WAV'ORM
A &

-

..
'vI 50% of crest + aplitude

0 0 1.2 ps +20% 0M 0

Tii. (Not to Scale)

Figure 3-2 Idalized High-voltag. test wsvefor%*

for qualification testlng.

CURRENT CCFIPONENT A Definition of rate of rise require-
(Initial qtroke) ment of test avevforya E.
Peak amplitude - ZOOkA + 210t
AcL tion Integral - 2x10

6
A Current

secon� + 2n current CURRRENT CI1IPONINT D Rhe of Rise
Time n tura ion - SOOjj (Re trke)--

Peak anrpltt,-des- 1kA + M: 2

CU'RRENTr C(IPOI.ENT B Action integral- 0.2SxkO A it 25 ---
(Intermediate Current) seconds + 202 kA/, I

* "3!xiiuim Charge Transfer-. 10 C.oulombs Time Duration e 500"se" * * Avergae Amplitud6o 2kA + 102 /

a ~~200) Coulombs + 20Z2nk

o I \ (C n xlun Current)/ Current

Anplittide - 200- SODA
o I

I 
I

1 f %n - 3 " sec -. 0. 2 sec 4 la I a- CUIRAINT WAVEFORMI 9
Peak &mpl Itud* a a 0 MA

Tie(ltto scale) P~ mltdTime (Not oRate of Rise- 25 kA/ue
for at least 0.3 pis.

figure 3-3 Idealized current test vaveform components

for quAliftcetion testing.
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VOLTAGE VOLTAGE
UAVE7ORM WAVEFORM

C 0

Flashover Flashover

.2/li50 to 25Oiae

Figure 3-4 Idealized high voltAlge vavefoms for enginearing tests.

CUpIRE4T WAVEFnlR.'1 F
TI, 2•je 1 20% CUIRERIT WAVEFORMS r. 1 and r2

*T,- 500 + 50
Peak ann•t•i:.ds Waveform CI A 2.5 kjbz (see Par&. 3.3.3.2)

2o0 amps. I f

Wavefor•m 42 S 100 kHz (nee Par&. 3.3.3.2)

50% of

Ampliet.do

0 T

Time

(Not to Seals)

Figure 3-5 Ide.ilitld current vavoforms for enxineerringt tcos. (4ote:

PeAk '•mplit.,deq arp nt the 4A.e.)
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Applicntlnfl of Waveorms for Qnllflcatlon Tests

Voltasc Test Technique

Teat Zone W.veforms Current lloveforms/Components Pare. No.

A B D A B C D F.

Full size hardware
attachment point 1AB X 4.1.1

Direct effects
structural 1A X X 4.1.2. 4.1.2.2.1

""I X X X X 4.1.2, 4.1.2.2.2

"2A X X X 4.1.2, 4.1.2.2.3

2B 3 X x 4.1.2, 4.1.2.2.4

13xc ffc.- 3 X X 4.1.2. 4.1.2.2.3

Direct effects -

combustible vapor Same current components as for structural tests 4.1.3

ignition

Direct effects -

streamers 4.1.4

Indirect effects -

external electrical 3
hardware 4.1.5

0 Note I. use average current of 2 kA + 10% for a dwell time lens than
5 milliseconds measured in Teat 4.2.2 up to a maximum of 5

milliseconds
Note 2. Use average current of 400 amp for dwell time in excess of 5

naec as determined by engineering tests.

NJote 3. Indirect effects shoud also be measured with current components
A, B, C, D as appropriate to the test zone

Note 4. The appropriate fraction of component "C"

* expected for the location and surface finish.

1 Table 2

Application of Waveforms for Engineering Tests

Voltage Test Technique

Test Zone Waveforms Current Waveforms/Components Par&. No.
C D C 9 . G1 G2

Model aircraft
lightning attachment
point test

Fast front X 4.2.1
Slow front X 4.2.1

Full size bhardware
attachment test 2A X X 4.2.2

Indirect effects -
complete X or X + X 4.2.3
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4&0TEST TEc7UTQUFS If the test object is 30 srt'all that a 1-riecer
gap permits strokes to riiss the test object, or if A

The simulated lightning waveforms and components l-wrgaisiaroitefrthreans

to be itied for qualification tasting are presented in shorter or longer Saps may be Used. :fultiplee fflash-
Table 1. This table gives the current components that avers should be applied from each electrode position
will flow through an aircraft structure or specimen in Tests may be commenced with either positive or nega-

anch :one. In some cases, however, not all of the tive polarity. If test electrode positionss aaree foum
*rrent components specified in the table will contri- from which the simulated lightning flashiovers do not
bmite significantly to the failure mechanism. There- contact the test piece, or do not puncture it if it
foce, in principle, the non-contributing conponent(s) iU nonmetallic, the tests from these sane electrodee
*can be omitted from the test. If components are to positions should be repeated using the opposite
be onjitted from a test for this reason, the proposed polarity.
*test plan should be agreed upon with the cognizant
'tlrulatory authority. 4.1.1.4 Mleasuremnents and Data Re(Luirements

0
Table 2 presents waveforms suggested for engia- lleasuremants that should be taken during these

ecrinG teats. The objective of each qualification or tests include the following:
engineering test, setup and measurement details and
data requirenents are desc~ribed in the following para,- A. Test Voltage and Amiplitude flaveform. The

graphs.voltage applied to the Zap should be neasure-d. Pho t
graphs of the voltage waveforni shuuld bc taL~en to es

IC qualification Tests tablish that waveform A is in fact being applied.
Voltage measurements should he made of each test Vol

4.1.1 Full Size !lardware Attachment Point Tests - age waveform applied since breakdown paths, and honc
'one 1 the test voltage, may change. Particurlar attention

should be given to assuring that the Gap flashes ova
4.1.1.1 Oblective on the wavefroat. If a flashover occurs on the Wave

tail, the test should be repeated with the generator
9 This attachment point test will be conducted on met to provide a higher voltage or the test electrod

full size structures that include dielectric surfaces positioned closer to the test object so as to produc
to deter-mine the detailed attachment points on the ex- flashover on the wavefront.
ternal surface, and if the surface is nonmetallic, the
paith taken by the lightning arc in reaching a metallic b. Attachment Points and/or Blreakdown Paths
structcure. The voltage generators used for these tests are high

impedance devices. The test current may be much les

,;l2Waveforms than natural lightning currents. Consequently, they
will produce much less damage to the test object the

Test voltage waveform A should be applied between a natural lightning flash, even though the breakdowrn

the electrode and the grounded test object. In the ease will follow the path a full-scale lightning stroke

of test objects having particularly vulnerable or flight- current would follow. Occasionally a diligetit searc

critical components it may be advisable to repeat the will be required to find the attachn'ent point on net

9ta using. waveform 0 as a confirmatory test. ale or the breakdown path through nonmetallic surfac,
These attachment points or breakdown paths should be

4.1..3 Tst Stuplooked for after each test and marked, when found,
4.1..3 Tst Stupwith masking tape or crayon markings to prevent con-

The test object should be a full-scale produc- fusion with further test results.

tion line hardware component or a representative pro-
to'type, since minor changes from design samples or 4.1.2 Direct Effects - Structural
Wrtocypes may change the lightning test results.

All conducting objects within or on nonmetallic htard- 4.1.2.1 Objective
worie that are normally connected to the vehicle when
installed In the aircraft should be electrically con- These tests deter-mine the direct effects which
newted to ground (the return side of the lightning lightning currents nay produce in sitructures.
gatcicrator). Surrounding external metallic vehicle
9S!:icrure should be simulated and attached to the 4.1.2.2 %laveforns
,Ojt object to make the entire test object look as
mutch like the actual vehicle region under test as Simulated lightning curren~t wavefo m components
pussihle. should be applied, depending on the vehicle zone of

the test object, as follows:

The test electrode to whicht test voltage is ap-
pllvd should be positioned so that its tip is 1 meter 4.1.2.2.1 Zonel1A
~y from the neaIrest surface of the test object.

aWnatoiim. of the test electrode are not critical. Naveform componencs A and B should be applicd.

Conoriilly, model teats or field e~xperience will have
indicateil thiat lightning fl~ahes can approaich the ob-
ject tinder teait from oev.!rnl different directiona. If

'I,.. thei ct*.it nhotild be rep~deCed with the hiGh voltntie
''.Ar~tI nri ear..'! to cr ...itt! ntrrnkvit to the object from

*. if f( z.r.onL d irc.tt lun~a.



4 I.]..2 Z..'..ne 0 41 The polarity of Cualsente And n rn n Ie eitlier
1--,lttive or nv.g,.tive. The iý01*FLtY of Cloe et tre

ausrform compon..ntt A. A, C. estd n nhould he t..fti to lirnduce covPSlonsent 1 and C ahunld he mat eo
Ap1,i,1ed in that irderi. Wt not necenarily as one tint the inectrode to negAtive with respect to the
contiluous dticharge. test object. hecatse greater damage is ganorally pro-

dticad when the test object in at Positive polarity4.1.2.2.3 ?.on.e A with respoct to the teat electrode.

Although Zone lA 1a a swept stroke ton*. static 4.1.2.4 loAsirements and nat. Requiremnoots
tnote can be conducted once the attachment points and
dwell timas have been determined. Curreant conponente He*au7amente for these tests include teat current
), A. and C should be applied ti that order as appro- 4nPlItude(s) end .svefonr(a). Initial stroke, restrike
prints to the fo~llowin discussion. and Intermediace current components may be measuredwith noninductive rvalativa shunts, current transform-

aigh peak current restrikes typically produce are, Or tovsaki coil&. Continuing currents may be
ro-attachmient of the arc at a net point. Therefore, measured with reslitive shunts. Tha output of each of
Scurrent component D to applied first. The dwell time these devices should be measured and recorded.
for components B end C in Zone ZA ray be determined

iesi from swept stroke t•sts as described in Pnragraph 4.2.2 N4flt Indirect effects meaasurinents are fee-
or. alternatively, a worst case dwell time of 50 m.lll- quently required for external electrical hardware,
seconds may be assumed wlthout conducting swept stroke as specified in Paragraph 4.1.6. If desired, some of
tcsta. The timing mechanism of the generator produc- these noeeuremento can be made during the direct
ing component B should be set to allow current to flow effects teste.
into the test object (at any single point) for the
rA-xin"m dwell trie at that point as determined from Since the coliditiou of the test object or other
the dwell point tests. If the measured dwell tiae is parts of the teat circuit may affect t:e teat cur-
stgeater than 5 milliseconds or If a 50 eillisecond rent(s) applied, measurements of these parameters

dwell time has bean asmumed. the component I currout should be made during each test applied, and the de-

should be reduced to .00 amperae (component C) for tails of the test setup recorded for each test.
the dw•el Lime in excess of 5 millistconds. If the
Ieasured dwell time ie loas than 5 milliseconds, com- 4.1.3 Direct Uffecto - Combustible Vapor Ignition VIe
poneant B should be applied for the length of time Skin or Component Puncture, Hot Spots or Arcing

Wa reesured,down to a minimum of 1 millisecond.
4.1 . 3 .1 O b l e r~t i1 e

4.1.2.2.4 Zone 21 The objective of these teste is to ascertain the

'od possibility of combustible vapor ignition as a result
Current components B. C and D should be applied of skin or component puncture, hot spot forAtiono, or

in that order. arcing in ao near fuel syormst or other regions where
comabuetible vapor@ may exist.

CAUTTO?: These teste sliulate the possible direct ef-Current components A and C should be applied in fects ich nay cause Ignition. Ignition of combuat.

that order to test objects in Zone 3. The cest rLr- ible vapors may also be caused by lighLaing indirect
rents should be conducted into and out of the test oh- effects such as induced voltages In fuel probe wiring.

t Jct in a manner similar to the way lightning currents etc.
would be condicted through the aircraft.

4.1.2.3 Test Setup If a blunt electrode is used with a very small
led gap. the gas prtisure and shock wave effects in the

4.1.2.3.1 Test Electrode .nd Cap confined area •ay cause more physical dmage then
would otherwise be produced. The electrode should

The toot currents are delivered from a teat esec- be rounded to allow relief of the pressure formed by
Li. trade positioned adjacent to the test object. The test the discharge.

object is connected to the return side of the Saenir-
ator(s) so that test current ran flow through the ob- For multiple conponent tests, the test electrode
ject in a realistic manner, should be placed as !ar from the taot object surface

as tha driving voltage of the titermediate component
CAUL0!I$ There may be interactions betw•en the are B or continuing current component C will allow. A gap1An -Current carrying conductors. Care oust be takin epacing of at least 50 c is desirable but n lesser
to &seure that these interactions do not Influence the gap a: at least 10 = is required which w•il result
test resuil., in more conservative data. Mhen components 8 or C are

preceded by the high peak current component A. the high
The electrode materiel should be a good alactri- driving voltage of this 4 enerstor initiates the arc and

cal conductor with ability to rasiet the erosion pro- subsequent components I and/or C follow the established
hie ddced by the test currents involved. Tell-w braes, arc even though driven by a ouch lover voltege.

steel, tungsten and carbon are suitable elentrode ma-
terials. The shape of the electrode ie usully a
rounded rod firmly atftxed to the gemerator output
terminal and spaced at a fixod distance above the sur-
face of the teat object.

en
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.1.3,2 Uavefurms 4.1.4 Direct Effects - Streamers

The same test current vaveforms should be ap- 4.1.4.1 Obiective
pliod as are specified for structural damage tests
in Paragraph 4.1.2.2. Ilectrical screamers initiated by a high voltage

field represent a possible Igntition source for combust-
4.1.3.3 Test SetuR ible vapors. The objective of this test is to deter-

mine if rich *trmn -- may be produced in regions
Teot setup requicoments &re the same as those mhero such vapors exist.

described in Paragraph 4.1.2.3 for structural da•mge

tests, vith the following additional considerstions: 4.1.4.2 Waveforms

If a complete fuel tank Is not available or Lo- Test voltage waveform $ should be applied for
practical for test. a sample of the tank skiJ or other his teast. The crest voltage should be sufficient to
specimen representative of the actual structural con- produce etreanering, but not sufficient to cause flash-
figuretion (including joints, fasteanerse and ubetruc- over in the higb-voltage gap. Ganerally, this vtll
turee, attachment hardware, as well "c internal fuel Irequire that the average electric field gradient
tank fixtuxes) should be inetalled on a light-tight between the electrodes be at least S kV/cm.
opening or chamber. Photography ts the preferred
technique for detecting sparking. If photography can 4.1.4.3 Test Setup
be employed, the chamber should be fitted with an
array of mirrors to make any sparks visible to thbe The test object should be mounted In a fixture
camera. Rowever. for region@ where possible spark- representative of the surrounding region of the air-
IAg activity cannot be made visible to the camera, fraee end be oubjected to the high-voltage weveforea.
ignition tests may be used by placing en Ignitable The voltage may be applied either by (1) grounding
fuel-air mixture inside the toak. This can be a six- the tecst object and arranging the bigh-voltage test
cure of propane and air (e.g., for propane: a 1.2 electrode sufficiently close to the teat object to
stoLchionetric mLxture) or vaporized samples of the create the required field at the test voltage level
appropriate fuel mixed vith air. Verification of the applied or (2) connecting the tese object to the bhigh-
combustibility of the mixture should be obtained by voltage output of the generator and arranging the test
ignition with a spark or corona Ignition source in- object in prozialty to a ground plane or other ground
croduced Into the otet chamber immediately after each electrode that io connected to the ground or law side
tlightnuing test in which no ignition occurred. If of the generator. In either case the low voltage side
the coabudtible mixture aes not ignitable by this of the generator should be grounded. Either arrange-
artificial source, the lightning test suet b4 conaid- sent can provide the necessary electric field at the
&red invalid and repeated wirth a new mixture until test object aperture. The test object should be at
either the lightning test or artificial ignition positive polarity with respect to ground. since this
source ignites the fuel. polarity usually provides the a-nct profuse streamering.

4.1.3.4 Ilesauraeence and Data ReLuirements 4.1.4.4 Mea•urements and Data R•equirenents

The same test current measurements should be tblasurements should Include test voltage wave-
made as are specified for structural damage cests in form and amplitude, and degree and loratoio of streaur-
Paragraph 4.1.2.4. eaing. The presence of screamering at locations where

combustible vapors are known to exist is considered ao
The presence of an ionitton source should be de- Ignition source. The presence of stresnering can best

cer-ined by photography of possible sparking. For be detertmined vith photography of the taot object while
this purpose a camera is placed in the test chamber In a darkened atre. If the presence of streamers to
and the shutter left open during the test. Experience questionable. the test should be run vith a conbustible
indicates chat ASA 3000 speed fUlm expowed at E4.7 in mixture actually present in the teat object to determine
s aisfactory. All light to the chamber interior oust if ignition occurs, but care should be taken to ensure
be excluded. Any light indications on the film due that the teat a~rrangem4nc simularee relevant Operational
to internal sparking after test should be taken as an (i.e.. in-flight) characteristics.
indication of sparking sufficient to ignite a combust-
ible mixture. 4.1.5 Direct Effects - Uxternal Electrical Rardware

CLrItNt Thin method of determaLning the possibility 4.1.5.1 otlective
oF -sparking should be utilized only if certainty ex-
ists that all location* where sparking might exist The object of this cote is to determine the
are visible to the camera. Anmount of physical dam•g• which 1%A7 be experienced

by externally mounted electrical components, such as
Kate epecialized instrumentation may be added if pitot tubes, antennas, navigation lights, etc. when

additional information such as akin surface tempers- directly struck by llghtnLng.
cures. pressure rises, or flame front propagation vel-
"oCitien are desired.
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4.1.5.2 Wrvofnoom, Test !;etur. And ?Iuasururaents The test electrode should he pnoitinned em as to
and f)lrt Roqutrwments inject stimlated lightning current into the test ob-

ject at the probable atttehnnnt point(s) expoctad from
Same ae for strtuctures test as described ine mctural lighhtnin. Per tests run corcurrently with

Parairaph 4.1.2. direct effects tests on the miue test objects this
should be an orc-ontr7 (flashover from test electrode

4..6 drectt object); but for tst ade only to determine
the indirect effects, hard-wired connections can be

4.1.6.1 Objective made between the generator output and test object.
This In epproprist.i specially If it la desired to

The objective of this test is to determine the elninlms physical dwaage to the test object. The teat
magnitude of Indirect effects that occur when* light- object should be grounded vta the shielded enclosure
nine strikes externally mounted electrical hardware, so that simulated lightning current flows from the
ouch as antenae., electrically heated pitot tubes.or test object to the ahieldsd enclosure In a m•manr re-
navigation lights. For such hardware the Indirect presentative of the Actual installation.
effects include conducted currants and surge voltages,
end Induced voltages. TIese currents and voltageos way 4.1.6.4 Uateurteats and Date Requir-meste
thou be conductu, via electrical circuits to other oT-
etmas in the vohicle. Therefore, du•ing the direct Measurements should Include test current ampll-
effects tests of electrical hardware sounted within tude(s) and weveform(s) as specified for the direct
Zones I or 2. measuremente should be made of the volt- effects tests utUitzing the same waveforu, in Pere-
aes appearing st all electrical circuit terminals of graph 4.1.2. In addition, measurements should be made
the conponest. Is additions a fast rate of rise test of conducted and Induced voltages at the terminals of
should be conducted for evaluation of magnetically electrical circuits In the test object.
Induced effects.

Haasuremant of the voltages appearing at the e1-
4.1.6.2 Wavofonrm ectrical terminals of the test object should be made

with a suitable recording instrument having a band-
Curr4nt components A through D used for evalua- width of at least 30 megaharta.

tion of direct effects are also used for evaluatinm
of Indirect effects, particularly those relating to In came cases It is appropriate to make measure-
the diffusion or flaw of current through resistance, ments of the voltage betweesn tw termninal, as well as
The specific waveforme to be used are the snne as of the voltage between either terminal and ground.
those specified in Paragraph 4.1.2. In addition, the Sinca the amount of Lnduced voltage originating Ln Me
fast rate of chanre current wavefor• E should be ap- test object whi•ch can enter mystems such as a power bus
plied for evaluation of magnetically induced effects, or an Antenna coupler depends partly on the inpedAncas

of these items, these impedances should be Soiulated
!-adiract effects neasured as a result of this end connected across the electrical terminals of the

waveform oust be extrapolated as follows. Induced tcst object where induced voltage is being measured.
voltages dependent upon resistive or diffusion flux
should be extrapolated linearly to a peak current of The resistance, inductance and capacitance of
200 IA. the load impedance should be Included. A typical

test and measurement circuit is shown in Figure 4.1.
Induced voltages dependent upon aperture coupling

should be extrapolated linearly to a peak rate-of-rise CAUTIOI: Interfereace-freo operation of the voltage
of 100 kAp. moasuremant system should be verlfisa.

4.1.6.3 Test Setup

The test object should be mounted an a shielded Shielded Enclosure

tet chamber so that access to it@ electrical conntc- -- .. . . . . ..
tar(s) can be obtained in am area relatively free from i
extraneous electrcmagnetic fields. Th.Le La necessary I

to prevent electroa.gnetic interference originating
in the lightuing test circuit from • nterfering with Test Oscilloscope

measurement of volutgeo induced In the test object Object,
itself. The teat object should be fastened to the o
tact chamber in a manneor slnlat to the way It i. Waveohaping
m.ounted on the aircraft, since normal bonding ispd- Ele•ents

acoo naty contribute to the voltages Induced in cir- As.n..
cuits. If the shielded enclosure is large enough. :,,,I
S the ne.auurmemt/recording equipment nmay be contained
vithin it. i not, a suitable shielded instrantea
cable •ya be used to transfer the Induced voltage @ig-
sal.1 from the shielded enclosure to the equipment. In
this case, the equipment should be located so as not Lightning
to orperianco interference. Current Divider or

Generator Attenuator I

Figure 4-1 Psaenttal ele-sents of electrical hard-
ware indirect effects, teat and meaourement

circuit.
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4.2.1 4ndel Aircraft Lightning Attarhment Point Toot eletrode

4.2.1.1 O le ive

Th objective at the model test Is to determine
the plsce on the vehicle where direct lightning strike*
are likely to attach.

4.2.1.2 Hayefoxue

If it ia desired to deterutne the places on the 4

aircraft where lightning strikes are moast probable.
then voltage wevefor C may be utiliaed. If it io
destied. In addition, to identify other surfaces where
etrikes may also occur am rare occasion, voltage wave- -S -- -- --10
torn D may be utilited. The longer rage-time of wove-
form D allows davelopment of streamers and attachment
points in region• of lover field intensity (in addi-
tion to those of high inteasity at aarfaces of high
&trike probability.

4.2.1.3 Teat Setup

Tests on small-scale model@ are helpful for de-
te-rninin attachment zones. In some ceeos, tests on
models must be supplemented by other means to deter-
mine exact attachment zones or points. This to parti- 4 - latitude -180
cularly true of aircraft involving large amounte of A - longitude
nonmetallic struoctural materials.

An accurate model of the vehicle exterior trom
1/30 to 1/10 full scale I hould be constructed. The Figure 4-2 Aircraft coordinate system.

vArlo-ae poseible vehicle configurations should also
be ondeled. %en-lucttng surfaces so the aircraft
mhould be represented by conductive surfaces on the
andel, and vice versa. I rontation of the odeal significantly changes the

gap lenorhs, it nay be neceseary to reposition the
The model in then posittioned on insulators be- electrode. Typically three to tea shots a's takes

tween the electrodes of a rod-rod gap or the electrode with the aircraft in each orientation to -taulate

end a ground plane of a rod-plane gap. The length lightning flashe& approaching from different direc-

of the upper gap ehould be at least 1.5 times the long- tiona. Photographe. preferably with two cameras at

eat dimension of the model. The direction of approach right angles to each other, should be taken of each
becamee less controllable at such higher ratios and shot in order to determine the attachment points.
the stroke nay even aie* the model. The lower gap, The upper electrode should be positiev with respect
nay be as ouch as 2.5 times the longest diaenimns of to ground and/or the lover electrode.
the model and should be at least equal to the model
dimensaion. 4.2.2 Full-Site Rardware Attachment Point Test -

Zone 2
Cmomnxly the electrodes are fixed and the model

tL rotated. The ori-ntatLo•u of the electrodee with 4.2.2.1 Objective
respect to the model should be such as to define all
likely attachment points. Typically. the electrodes. The nechanism of arc attachment in Zone 2 regione

relative to the model, erm placed at 30' steps in let- is fundam•ntally different from that ti Zone I. The
itude around the 0 " and 90" lo•gitude, as shownm In basic neclaniss of attachmeot 10 shown On Figure 4-3,
Figure 4-2. Smeller steps ti latitude or lorqitude The arc first attaches to point I Wnd them, viewing

may be required to identify all attachment points. the test object so stationary. Is swept back along the
surfa:e to point 2. Whaen the heel of the arc is
above point 2 the voltage drop at the arc-netal Inter-
face ta sufficiently high to cause flashover of the
air gap and puncture of the surface finish at point
2 causing it to re-attach there.

18



r r~- -r -- --- -- - - -4!
T1.% .rc will ,{tnin I,% ilcwn l,aek alou thu. our- The objectives of ettals.eent etudae Iin Zone 2

(iftc UW.I1 the vfnltaen .lu.. the arc chrnnnl and arc- are thent
matal IntarrAc. Is mutfttcSngt to cause flaehnver and
ettaclubunt to e-otl.ot point. The voltage at which each For rntRellc rurfmcas
now ettoeh,,lt will occur .tepeda ttmouRly upon the (Incl.dLing cnnVentiwnel painted or treated *ut-
ourface finish of tie abject lmder teat. 71e volt- facue)t
aRe avaiLable to cause puncture depends tipon the cut- To deternLne possible attachment points and ea-
rest flowtng in the arc and the degree of lonizatlos anclered'dwell tines.
iin Its c1a•nel. The.re is so inductive voltage rise
along the arc as rapidly Changing currents flow Pmr nrotrietallic Purfaces
thtotr.h It. There will also be a reasitive voltage (including matallic surfaces with high dhele-
rise produced by the flow of current. The inductive trinc trangth coatings))
voltage rise as well as the resistive ries can be To determine If punctures may occur.
quit* eiln.lficant wthn a lightnir.g reetrike occurs
at acme point in the flesh. 4.2.2.2 Uaveformo

4.2.2.2.1 Metallic Surfacee

To deturaine arc dwell CIA**a on metallic out-
faces, including conventional painted or treated our-

face., It is necessary to smutlate the continuing
At. current cooponent of the lightning flash. Thus the

stnuleted continuing current ahould be it accordance
with current conponent C.

The currant generator driving voltage must be

Heel . .1 s uffcilent to naintaein an are length that move (reas y

Motion along the ourface of the test object. The test lec.-

N trode should be far enough above the surface so as

not to Influence the arc attachment to the test sur-
Movtng Surface face. If the technique of Figure 4-3 to us•ad* the

electrode should be a rod parallel to the air stream
Figure 4-3 Basic sachanlom of swept stroke end approxicately parallel to the teat object.

attacleent.

A restrike may Le added to the CoctLnulin cur-
rent after tnitiation to deternine whether a resttike
iwith ito aesocated high cirreoc acplitude would cause

In ,..ci~ton, if the flash is discontinuous for re-attac1xlent to points other than those to which the
a brief period 4 very high voltsae is available prinr continuirg current are would re-attach. If a raatriUS
to flow of the next current component. Because the i/ used it Is moat appropriate that It be the fast
chbsn.nl rc-aing hot a may coetait residual Ionised rate of chanle of current waveform ahown as current
particlc, this voltage tcrsse is greatest along it weveform 9 on figure 3-3.
and subeequent current coaponsate are likely to flow
along the same channel. Such a voltage way well be 4.2.2,.2.2 Nonmetallic Surfaces
higher than voltalua created by cur-ents flowi.ng iJ
the channel and nay Cause re-atcachm)et to rnecallic To determine whather It is poseible for diealec-
aurfaces or puncture of no-estallic surfaces or di- tric punctures or reattacLente to occur on morweta1-
electric coatings. 1LC surfaces or coating materials, incluilna neta.lltc

surfaces wrlth high dielectric strength coatinge, it
The time durLing •ich an arc n.ay reraim attached is necessary to aemulact the high-oltagea character-

to any •ir4le point (dwell time) is a function of the istics of the arc. iLi.b voltage* are Caused by (1)
lightr.ing flash and outface charactaristica which gas- cur-rent rastnika. in an Ionized chane•l, or (2) volt-
erm reattachment to the neat point. The dwell time U age buLldup &long a deionized channel. Thee chat-
also a function of aircraft speed. acterattice are simulated b7 a teat Li hwich a re-

strila in applied along a cv.annel previously astab-
S-.epc stroke attac€.ýn- point a.dn dwell time lehad by a continuing current. The reatrika must

phero.Qena are tht~aforo of interest for two main be initcited by a voltage rata of riae of 1000 /Vi/s
reasoos. First. If there ia an Intervening nowoetal- or faster and must dia•)-Arge a high rate of rise cut-
lie surface aleng the path over which the art may be rent etroka in accordance rlth current waveform E.
.wIpt, the bWept stroka phanosena may determine This restrika must not be applied uAtil the contin-•
whether the wt.:tallic sur.face will be punctured or In$ current has decayed to near zero (a nearly de-
whether the arc will pass harmlessly acroes it to the ionixed state) as shown in Fi4ura 4-4.
next metallic surface.

Several teat should be aipliud with the cootin-
Second. the dwell tMe of an arc on a metallic lung cuCrrt duracion and restrikes applied accord-

sutface ia a factor in determining if euff~cient heat- ing to dLfferent tines, T, in order to produce worst-
in& may occur at a dwell point to burn a hf Is or form case exposures of the stirfact and anderlyin& aleonets
a hot spot capable of i;c,.iting combustible mixturaa to voltage stress.
or caosing other da-=age. -hut, over a fuel tank it

is particularly Important that the arc move freely.
in order "hjt the netal Rklo nf the tank not be heat-

ed or Luzoed to a point that fuel vapors are iguited.
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The amplitude of the continuing current to not 4.2.2.4 Heasurment& and Deta Requitremnts
eritical and may be lower or higher thea that of cur-
rent co•onent C. Other aspect@ of this test are as The moet Iaportant measurments are th&sa giving
4earibed in Paragreph 4.2.2.2.1, the attacthoet points, arc dwell times. breakdown paths

foylved, and the separation etVaemu attachment points.
These are mes asLly detersUned ftro high speed motiou
picture photographs of the arc. Me.uremeate should
be mnde of the air flow at test object velocity acd the
amplitude and waveforn of the current passing through

CCotinuing Current the test object.Current rrt .

I C.0rent Stationary
SCpoent I Tettrode

Time

Voltage

VOLtege Waveforn A

" I ,Time

T Arc

Figure 4-4 Swept stroke waveforms for tests
of nommicallic surfaces. A - Surface

(Moving)

4.2.2.3 Test Setup
Figure 4-6 Test surface moved

Two basic mathode have been used to eal--usate the relative to stationary arc.
*swept stroke mechanism. One of thee Involves usa of
a wind acream to move the ire relative to a sta•i•mO-

cry teat surface as shovw In Figure 4-5. The other
method involve, movement of the test eurface relative 4.2.3 Indirect ffects - Cooplete Vehicle
to a stationary arc as shown in Figure 4-6. Other
imothods may also be satisfactory Lf they adequately 4.2.3.1 Obleetive

* represent the in-flight interaction betvers the arc
end the aircraft sutface. Relative velocity should The objective of this test ie to measure induced
include but oot be limited to the minimum in-flight voltages end currente in electrical viring vithin a
velocity of the vehical. which is when the dwell ctia complete vehicle. Complete vehicle tests are intended
condition Is most critical, primarily to identify circults ohich may be susceptible

to lightning induced effects.
The test electrode should be far enough above the

surface so as not to influence the arc sttachuast to 4.2.3.2 Waveforo*
the teoc surface. T. the technique of Figure 4-5 Is
useed. the electrode should be a rod parallel to the Two techniques. utilLzing different waveforms.
air strem aad approstxately parallel to the teat may be utilized to perform this teat. One involves
object. application of a scaled down unidirectional wavefoe-

representative of a natural lightning stroke.

The second technique involves performance of the
Stationary teos vith tuo or more dampad oscillatory current weve-
glectrode (Rod or Knife Adges) foer., one of which (c•.poaent C2 ) pcovidee tha fast

rate of rise characteristic of a natural lightning
stroke wavefrot, and the other (component G1) pro-
vides a long duration period characrerletic of natural

AiFlow ess z lighcniLg stroas durstion. Induced voltagea should he
measured in theh aircraftc circuits when eposed to both
waveforms and he highest induced voltagee takan as
the ctst results.

Each test Is carried out by passing toot cur-
rents throul.h to che compl.ece vehicle end m.seurtnR
the Lnducda volt~ae.s end currenre. Check. are asogSurfaae ada of airci.it syst..v and equipnetic cperations
where poeoibls.

Figure 4-5 Arc moved relative to
eottionary test eurfece.
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